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Deutsche Kurzfassung der Arbeit IV

Deutsche Kurzfassung der Arbeit
Die zunehmende Integration von dezentralen erneuerbaren Energiequellen (EE) und Lade-
systemen für Elektrofahrzeuge (LEF) in das Stromnetz stellt Herausforderungen für den Um-
gang mit hohen Schwankungen bei Erzeugung und Verbrauch dar. Der Einsatz eines hybri-
den Verteilungssystems - das Gleichstromnetze in die bestehende Wechselstromnetzstruktur
einbettet - kann eine Integration von EE und LEF mit hohem Wirkungsgrad über Gleich-
stromnetze mit den etablierten Schutzmechanismen von Wechselstromnetzen kombinieren.
Die Bereitstellung einer flexiblen Wechsel- und Gleichstromverteilung und möglicher Net-
zdienstleistungen kann durch den Smart Transformator (ST) ermöglicht werden, dies ist
ein Leistungs-elektronik-basierter Transformator mit fortschrittlichen Regelungsfunktionen.
Zwei Haupt-bedenken bestehen, welche die Einführung von STs für das Verteilungssystem
behindern: Wirkungsgrad und Zuverlässigkeit.

Diese Arbeit trägt zur Verbesserung des Wirkungsgrades und der Zuverlässigkeit des STs
bei, indem sie eine optimierte ST-Topologie für hohe Wirkungsgrade bei der Bereitstellung
von hybriden Netzen vorschlägt, Konzepte digitaler Zwillinge für die Beobachtung des ther-
mischen Verhaltens von Leistungsmodulen entwickelt und für die Unterstüzung eines zuver-
lässigen ST-Betriebs wesentliche Ansätze zur aktiven thermischen Regelung ausarbeitet.

Zunächst werden die Vorteile und Anforderungen von hybriden Netzen und die geeigneten
ST-Architekturen vorgestellt. Außerdem werden leistungselektronische Stromrichter einge-
führt, welche zur Realisierung von ST-Topologien verwendet werden.

Eine konfigurierbare ST-Topologie für einen optimalen Wirkungsgrad bei vorgegebenem hy-
briden Netzbetriebsprofil wird vorgeschlagen. Es werden ein auf Betriebsprofilen basieren-
des Entwurfsverfahren für die Stromrichterleistungen und die Möglichkeit zur konfigura-
tionsbedingten Verkleinerung des Vermaschungsstromrichters vorgestellt.

Leistungshalbleiter gehören zu den fehleranfälligsten Komponenten in leistungselektronisch-
en Systemen. Ihr thermisches Verhalten ist ein Faktor, der zur Überwachung ihres Gesund-
heitszustandes herangezogen werden kann. Daher sind thermische Echtzeitmodelle, deren
Parameter auf der Grundlage des Vergleichs von geschätzten Temperaturen mit Mess-ungen
am physischen System optimiert werden, - thermische Digitale Zwillinge - von Vorteil. In
dieser Arbeit werden zwei Ansätze entwickelt, die auf einer Partikel-Schwarm-Optimier-ung
und einem dualen erweiterten Kalman-Filter basieren.

Die Reduzierung und Verlagerung der thermischen Belastung von Leistungshalbleitern durch
aktive thermische Regelung (ATR) kann einen zuverlässigen ST-Betrieb unterstützen. Diese
Arbeit gibt einen Überblick über ATR-Methoden und geht auf zwei für den ST wesentliche
Methoden ein - Graphentheorie-basierte Leistungsverteilung und diskontinuierliche Modula-
tion. Außerdem wird vorgeschlagen, die geringere Stromrichterbelastung in der vermaschten
ST-Topologie für zusätzliche Fehlertoleranz zu nutzen.
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English Summary
The increasing integration of distributed renewable energy sources (RES) and electric vehicle
(EV) charging systems into the electricity grid poses challenges in handling high generation
and demand variability. The utilization of a hybrid distribution system - which embeds dc
grids inside the existing ac grid structure - could combine an efficient integration of RES
and EV charging stations via dc grids with the established protection mechanisms of ac
grids. The provision of a flexible ac and dc distribution and further possible grid services can
be enabled by the Smart Transformer (ST), which is a power electronics-based transformer
with advanced control functionalities. However, two major concerns impeding the adoption
of STs for the distribution system are the efficiency and reliability.

This work contributes to the advancement of efficiency and reliability in the ST by proposing
an optimized ST topology for efficiently establishing hybrid grids, developing digital twin
approaches for observing the thermal behavior of power modules, and elaborating on active
thermal control approaches essential to support a reliable ST operation.

The advantages and requirements of hybrid grids and the suitable ST architectures are pre-
sented as a first step. Further, power electronics converters to realize ST topologies based on
these architectures are introduced.

Based on these fundamentals, an interconnected ST topology whose configuration can be
adjusted to provide optimized efficiency for a hybrid grid mission profile is proposed. Fur-
thermore, a mission profile-based design procedure for the converter power ratings in the
proposed topology is presented and the opportunity for downsizing the interconnecting con-
verter based on the configuration revealed.

Power semiconductors are among the components most prone to failure in power electronics
systems. Their thermal behavior is one factor which can be used to monitor their health
condition. Therefore, thermal digital real time models whose parameters are optimized based
on the comparison of estimated temperatures with measurements on the physical system -
thermal digital twins - are advantageous. This work develops two approaches based on a
particle swarm optimization and a dual extended Kalman filter.

Reducing and relocating the thermal stress on power semiconductors via active thermal con-
trol (ATC) can support a reliable ST operation. This work gives an overview on ATC methods
and elaborates on two essential ones for the ST - graph theory-based power routing and dis-
continuous modulation. Further, utilizing the lower converter loading in the interconnected
ST topology for additional failure tolerance is proposed.
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Used symbols and abbreviations

General symbols

General notations

x(t), x Time-variant variable
x(y) Variable x depends on variable y

f (y) Function that depends on variable y

x, X Vector or matrix
x̄ Average value
x̂ Estimated value
ẋ Time derivative
Pj,k Power flow from node j to node k in a directed graph
Wj,k Weight of the arc from node j to node k in a directed graph
( j,k) Arc originating in node j and ending in node k in a directed graph
(PLVac PLVdc) Hybrid grid operation point

Superscripts

∗ Indicates reference variables
′ Indicates compensated variables
+ Indicates variables after the correction step in a Kalman filter
− Indicates variables before the correction step in a Kalman filter
conv Indicates variables that converged to a steady value
CS Indicates variables referring to a current source
DAB Indicates variables referring to a dual active bridge
filt Indicates variables that a smoothing filter was applied to
graphic Indicates variables referring to a graphical representation
max Maximum value
max,graphic Maximum value that can be read from the graphical representation
min Minimum value

Subscripts

a Index of variables referring to an ambient condition
ac Index of variables referring to an alternating current
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ac, rms,ph Index of variables referring to a root mean square alternating current
value between line and neutral conductor

amp Index of variables referring to an amplitude value
aux Index of auxiliary variables for case distinction
AWE Index of variables referring to the average weighted system efficiency
block Index of variables referring to the blocking state of a semiconductor
block, ref Index of variables referring to a reference value of the blocking state of

a semiconductor
buck Index of variables referring to a buck converter
c Index of variables referring to the collector
cauer Index of variables referring to a Cauer network
cc Maximum value at the collector
ce Index of variables between collector and emitter
cell Index of variables referring to one cell of a cascaded H-bridge
ce(sat) Saturation value between collector and emitter
CHB Index of variables referring to a cascaded H-bridge
CHB,dc Index of variables referring to a direct current value of a cascaded

H-bridge
CHB,ph Index of variables referring to one phase of a cascaded H-bridge
CHB, rms Index of variables referring to a root mean square value of a cascaded

H-bridge
CHB, rms, fund Index of variables referring to a root mean square value at fundamental

frequency of a cascaded H-bridge
chip Index of variables referring to a chip of a power semiconductor module
cl Index of variables referring to the clamped operated cell of a cascaded

H-bridge
cl,1st Index of variables referring to the clamped operated cell of a cascaded

H-bridge for first harmonic clamped modulation method
cl,3rd Index of variables referring to the clamped operated cell of a cascaded

H-bridge for third harmonic clamped modulation method
CoM Index of variables referring to the center of the mission profile
con Index of variables referring to the conduction
con,diode Index of variables referring to the conduction of a diode
con, IGBT Index of variables referring to the conduction of an insulated gate bipolar

transistor
cond,pri Index of variables referring to the conductor on the primary side of a

transformer
cond,sec Index of variables referring to the conductor on the secondary side of a

transformer
core Index of variables referring to the core of a transformer
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core,win Index of variables referring to a transformer core window
cr Index of variables referring to a cross section
CS, in Index of variables referring to the virtual input of a current source
CS,out Index of variables referring to the output of a current source
Cth Index of variables referring to a thermal capacitor
Cu Index of variables referring to copper
Cu,pri Index of variables referring to copper on the primary side of a

transformer
Cu,sec Index of variables referring to copper on the secondary side of a

transformer
d Index of variables referring to the damping part of a controller
D Index of variables referring to a diode
DAB Index of variables referring to a dual active bridge
DAB,NIT Index of variables referring to the low voltage direct current dual active

bridge in the non-interconnected topology
DAB, in Index of variables referring to the input of a dual active bridge
DAB, IT Index of variables referring to the interconnecting dual active bridge in

the interconnected topology
DAB,out Index of variables referring to the output of a dual active bridge
dc Index of variables referring to a direct current
dc− link Index of variables referring to the direct current-link
dia Index of variables referring to a diameter
exe Index of variables referring to the execution of an electrical simulation
f Index of variables referring to the failure of a device
g Index of variables referring to a grid
ge Index of variables between gate and emitter
ge(th) Threshold value between gate and emitter
gg Maximum value at the gate
i Index of variables referring to the interconnecting dual active bridge
icl Index of variables referring to the inverse clamped operated cell of a

cascaded H-bridge
icl,1st Index of variables referring to the inverse clamped operated cell of a

cascaded H-bridge for first harmonic clamped modulation method
icl,3rd Index of variables referring to the inverse clamped operated cell of a

cascaded H-bridge for third harmonic clamped modulation method
in Index of variables referring to the input of a system
inv Index of variables referring to an inverter
j Index of variables referring to the junction of a transistor
L Index of variables referring to an inductor
Lbuck Index of variables referring to the inductance of a buck converter
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link Index of variables referring to a link between converters
load Index of variables referring to a load
load, rms Index of variables referring to a root mean square value of a load
loss Index of variables referring to losses
loss,const Index of variables referring to constant losses
loss,core Index of variables referring to transformer core losses
loss,Cu,pri Index of variables referring to copper losses on the primary side of a

transformer
loss,Cu,sec Index of variables referring to copper losses on the secondary side of a

transformer
loss, interDAB Index of variables referring to the losses of the interconnecting dual

active bridge
loss, inv Index of variables referring to the losses of the inverter
loss,PEBB,1−ξ Index of variables referring to the losses of medium voltage alternating

current power electronics building blocks connected to the
direct current-link

loss,PEBB,ξ Index of variables referring to the losses of medium voltage alternating
current power electronics building blocks connected to the low voltage
direct current feeder

loss, rr Index of variables referring to reverse recovery losses of a diode
loss,sw Index of variables referring to switching losses of an insulated gate

bipolar transistor
LVac Index of variables referring to a low voltage alternating current grid
LVac,CoM Index of variables referring the low voltage alternating current grid part

of the center of the mission profile
LVdc Index of variables referring to a low voltage direct current grid
LVdc,CoM Index of variables referring the low voltage direct current grid part of the

center of the mission profile
max Maximum value
MB Index of variables referring to the multibus
MB,dc− link Index of variables referring to the multibus cells connected to the

direct current-link
MB,LVdc Index of variables referring to the multibus cells connected to the low

voltage direct current feeder
mc Index of variables referring to a multichip version of the dual extended

Kalman filter based thermal digital twin
meas Index of variables referring to measurements
min Minimum value
MVac Index of variables referring to the medium voltage alternating current

grid
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MVac,PEBB Index of variables referring to a medium voltage alternating current
power electronics building block

n Index of variables referring to a normally operated cell of a cascaded
H-bridge

obj Index of variables referring to an objective
obj,best Index of variables referring to a best value for an objective
obj, ref Index of variables referring to a reference objective
off Index of variables referring to the turn-off of a transistor
on Index of variables referring to the turn-on of a transistor
op,DEKF Index of variables referring to the mathematical operations in a dual

extended Kalman filter
op,PSO Index of variables referring to the mathematical operations in the

particle-swarm-optimization
opt Index of variables referring result of an optimization
out Index of variables referring to the output of a system
P Index of variables referring to proportional part of a controller
ph Index of variables referring to one phase of an inverter

grid
pri Index of variables referring to the primary side of a transformer
pri, rms Index of variables referring to a root mean square value on the primary

side of a transformer
pri, rms,max Index of variables referring to a maximum root mean square value on

the primary side of a transformer
pk Peak value
PSO Index of variables referring to the particle-swarm-optimization
PSO,best Index of variables referring to best values in the particle-swarm-

optimization
PSO,d Index of variables referring to derivative in the particle-swarm-

optimization
r Index of variables referring to rising behavior
R Index of variables referring to a resistor
rated Index of variables referring to a rating
ref Reference variable index
res Index of variables referring to the resonant part of a controller
rr Index of variables referring to the reverse recovery of a diode
s Index of variables referring to a source
sec Index of variables referring to the secondary side of a transformer
sec, rms Index of variables referring to a root mean square value on the secondary

side of a transformer
sec, rms,max Index of variables referring to a maximum root mean square value on
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the secondary side of a transformer
stm Index of variables referring to the Steinmetz equation
sw Index of variables referring to the switching of transistors
sw,CHB Index of variables referring to the switching of transistors in a cascaded

H-bridge
sw,DAB Index of variables referring to the switching of transistors in a dual

active bridge
sys Index of variables referring to the whole system
sys, in Index of variables referring to the total input of a system
sys, loss Index of variables referring to the total losses of a system
sys, loss,FCC Index of variables referring to the total losses of a system calculated

assuming the flow conservation constraint
sys, loss,NCF Index of variables referring to the total losses of a system calculated

with non-conserved flows
sys, loss, rel Index of variables referring to the relative difference between total

losses of a system calculated under consideration of the flow
conservation constraint and without it

sys,out Index of variables referring to the total output of a system
T Index of variables referring to a transistor
th Index of variables referring to the thermal behavior
th,cr Index of variables referring to the thermal cross coupling effect
winding Index of variables referring to a winding
0 Index of variables referring to base value
1−ξ Index of variables referring to the counterpart of the link ratio

Special symbols

a Running index
A Set of arcs of a directed graph
Acond,pri Cross section of the conductor on the primary side of a transformer
Acond,sec Cross section of the conductor on the secondary side of a transformer
Acore,win Area of one window in a transformer core
Acr Cross sectional area of a transformer core
b Running index
B Running index
bdia Diameter of a bond wire
Bpk Peak value of the magnetic flux density of the transformer core material

without saturation
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BPSO Number of particles in the particle-swarm-optimization
c Coefficient in a formula
C Electrical capacitance
Ccell Electrical capacitance of one cell of a cascaded H-bridge
CDAB,in Electrical input capacitance of a dual active bridge
CDAB,out Electrical output capacitance of a dual active bridge
Cdc−link Electrical direct current-link capacitance
cform Coefficient which describes the impact of the applied electrical

waveforms on the saturation of the transformer core
CLVdc Electrical low voltage direct current grid capacitance
cPSO Coefficient in the particle-swarm-optimization
cPSO,d Weighting coefficient of the derivative part of the objective function in

the particle-swarm-optimization
cstm Coefficient of the Steinmetz equation
Cth Thermal capacitance
Ĉth Estimated thermal capacitance
Ĉconv

th Estimated thermal capacitance that converged to a steady value
D Dual active bridge duty cycle
Dbuck Buck converter duty cycle
dexe Electrical simulation time step
dPSO Particle-swarm-optimization execution time step
dth Thermal simulation time step
E Identity matrix
Eoff Energy converted to heat during one turn-off of an insulated gate bipolar

transistor
Eon Energy converted to heat during one turn-on of an insulated gate bipolar

transistor
Err Energy converted to heat during one reverse recovery of a diode
f Frequency
F Jacobian matrix of system state functions
f(x,u) System state functions
fac Alternating current fundamental frequency
Fmc Jacobian matrix of system state functions of the multichip version of

the dual extended Kalman filter based thermal digital twin
fobj Objective function
fobj,best Best achieved objective function value
fobj,ref Reference objective function
fref Reference frequency
fsw Switching frequency of transistors
fsw,CHB Switching frequency of transistors in a cascaded H-bridge
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fsw,DAB Switching frequency of transistors in a dual active bridge
G Directed graph
GDAB Voltage gain of a dual active bridge
H Jacobian matrix of system output functions
h(x) System output functions
hcore,win Height of a core window
i Alternating current
I Direct current
î Estimated alternating current
i∗ Alternating reference current
I∗amp Alternating reference current amplitude
Iamp Amplitude of an alternating current
ic Collector current
iD Diode current
iL Inductor current
iLbuck Current of the inductance of a buck converter
Iload Constant load current
Iload,rms Root mean square current of a load
iph Phase current
ipri Primary side current of a transformer
Ipri,rms Root mean square current on the primary side of a transformer
Ipri,rms,max Maximum root mean square current on the primary side of a transformer
isec Secondary side current of a transformer
Isec,rms Root mean square current on the secondary side of a transformer
Isec,rms,max Maximum root mean square current on the secondary side of a

transformer
iT Transistor current
j Running index
k Running index
K Kalman gain in a Kalman filter
Kd Damping gain of a controller
KP Proportional gain of a controller
Kres Resonant gain of a controller
L Inductance
Lbuck Buck converter inductance
LDAB Dual active bridge inductance
Lg Grid inductance
lpri Length of the conductor on the primary side of a transformer
lPSO,best Locally best set of parameters of neighbor particles in the particle-swarm-

optimization
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lsec Length of the conductor on the secondary side of a transformer
M Set of operation points of a hybrid grid mission profile
m Modulation signal
mCHB Modulation signal of a cascaded H-bridge
mcell Modulation signal a cell of a cascaded H-bridge
mcl Modulation signal of the clamped operated cell of a cascaded H-bridge
mcl,1st Modulation signal of the clamped operated cell of a cascaded H-bridge

for first harmonic clamped modulation method
mcl,3rd Modulation signal of the clamped operated cell of a cascaded H-bridge

for third harmonic clamped modulation method
micl Modulation signal of the inverse clamped operated cell of a cascaded

H-bridge
micl,1st Modulation signal of the inverse clamped operated cell of a cascaded

H-bridge for first harmonic clamped modulation method
micl,3rd Modulation signal of the inverse clamped operated cell of a cascaded

H-bridge for third harmonic clamped modulation method
mn Modulation signal of a normally operated cell of a cascaded H-bridge
Mn Amplitude modulation ratio of a normally operated cell of a cascaded

H-bridge
n Turns ratio of a transformer
nf Counted number of cycles for specific thermal cycle
N Set of nodes of a directed graph
Ncauer Number of chain elements of a Cauer network
NCHB Number of cells in one phase of a cascaded H-bridge
Nf Number of cycles to the failure of a device
NMB Number of multibus cells in one phase
NMB,dc−link Number of multibus cells connected to the direct current-link
NCS

MB,dc−link Number of multibus cells connected to the direct current-link emulated

by current sources in the laboratory
NDAB

MB,dc−link Number of multibus cells connected to the direct current-link realized
by dual active bridges in the laboratory

NMB,LVdc Number of multibus cells connected to the low voltage direct current
feeder

NCS
MB,LVdc Number of multibus cells connected to the low voltage direct current

feeder emulated by current sources in the laboratory
NDAB

MB,LVdc Number of multibus cells connected to the low voltage direct current
feeder realized by dual active bridges in the laboratory

Nop,DEKF Number of mathematical operations in a dual extended Kalman filter
Nop,PSO Number of mathematical operations in the particle-swarm-optimization
Npri Number of windings on the primary side of a transformer
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Nsec Number of windings on the secondary side of a transformer
Nx̂ Number of states and estimated parameters in a dual extended Kalman

filter
Ny Number of chip temperature measurements on the physical system in a

thermal digital twin
O− Estimated error covariance matrix before the correction step in a Kalman

filter
O+ Estimated error covariance matrix after the correction step in a Kalman

filter
P Power flow
Paux Auxiliary variable for case distinction
P̄cell Average power processed by one cell of a cascaded H-bridge
PCHB,ph Power processed in one phase of a cascaded H-bridge
Pcon Conduction power losses
P̄con,diode Average conduction losses of a diode
P̄con,IGBT Average conduction losses of an insulated gate bipolar transistor
PCS,in Virtual input power of a current source
P′

CS,in Compensated virtual input power of a current source
PCS,out Output power of a current source
P̄DAB Average power processed by a dual active bridge
PDAB,in Input power of a dual active bridge
P′

DAB,in Compensated input power of a dual active bridge
PDAB,IT Power of the interconnecting dual active bridge in the interconnected

topology
Pgraphic

DAB,IT Power of the interconnecting dual active bridge in the interconnected

topology that can be read from the low voltage power plane
Pmax

DAB,IT Maximum power of the interconnecting dual active bridge in the
interconnected topology

Pmax,graphic
DAB,IT Maximum power of the interconnecting dual active bridge in the

interconnected topology that can be read from the low voltage power
plane

Pmax
DAB,NIT Maximum power of the low voltage direct current dual active bridge in

the non-interconnected topology
PDAB,out Output power of a dual active bridge
Pin Input power of a system
Pmax

inv Maximum power of the inverter
Ploss Power losses
Ploss Power losses vector
P̂loss Estimated power losses
Ploss,const Constant power losses
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Ploss,core Transformer core losses
Ploss,Cu,pri Copper losses of the conductor on the primary side of a transformer
Ploss,Cu,sec Copper losses of the conductor on the secondary side of a transformer
Ploss,interDAB Power losses of the interconnecting dual active bridge
Ploss,inv Power losses of the inverter
Ploss,PEBB,1−ξ Power losses of medium voltage alternating current power electronics

building blocks connected to the direct current-link
Ploss,PEBB,ξ Power losses of medium voltage alternating current power electronics

building blocks connected to the low voltage direct current feeder
P̄loss,rr Average reverse recovery losses of a diode
P̄loss,sw Average switching losses of an insulated gate bipolar transistor
PLVac Active power of the low voltage alternating current grid
Pmax

LVac Maximum active power of the low voltage alternating current grid
PLVac,CoM Low voltage alternating current active power at the center of the mission

profile
PLVdc Power of the low voltage direct current grid
Pmax

LVdc Maximum power of the low voltage direct current grid
PLVdc,CoM Low voltage direct current power at the center of the mission profile
PMVac Active power of the medium voltage alternating current grid
Pmax

MVac,PEBB Maximum power of one medium voltage alternating current power
electronics building block

Pout Output power of a system
Pph Power processed by one phase of an inverter
pPSO Set of parameters of a particle in the particle-swarm-optimization
pPSO,best Set of parameters of a particle in the particle-swarm-optimization

which achieved a best objective function value of the particle
PR Power consumed by a resistor
Prated Rated power of a converter
Psys,in Total input power of a system
Psys,loss Total power losses of a system
Psys,loss,FCC Total power losses of a system calculated assuming the flow conservation

constraint
Psys,loss,NCF Total power losses of a system calculated with non-conserved flows
Psys,out Total output power of a system
Q Noise covariance matrix of the system states in a Kalman filter
QĈth

Entry of the noise covariance matrix of the system states in a Kalman

filter for an estimated thermal capacitance
Qmc Noise covariance matrix of the system states in the multichip version of

the dual extended Kalman filter based thermal digital twin
Qmc,Ĉth

Entry of the noise covariance matrix of the system states in the multichip
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version of the dual extended Kalman filter based thermal digital twin for
an estimated thermal capacitance

Qmc,R̂th
Entry of the noise covariance matrix of the system states in the multichip
version of the dual extended Kalman filter based thermal digital twin for
an estimated thermal resistance

Qmc,R̂th,cr
Entry of the noise covariance matrix of the system states in the multichip

version of the dual extended Kalman filter based thermal digital twin for
an estimated thermal resistance which models a thermal cross coupling
effect

Qmc,T̂ Entry of the noise covariance matrix of the system states in the multichip
version of the dual extended Kalman filter based thermal digital twin for
an estimated temperature

Qmc,T̂chip
Entry of the noise covariance matrix of the system states in the multichip

version of the dual extended Kalman filter based thermal digital twin for
an estimated chip temperature

QR̂th
Entry of the noise covariance matrix of the system states in a Kalman
filter for an estimated thermal resistance

QR̂th,cr
Entry of the noise covariance matrix of the system states in a Kalman

filter for an estimated thermal resistance which models a thermal cross
coupling effect

QT̂ Entry of the noise covariance matrix of the system states in a Kalman
filter for an estimated temperature

QT̂chip
Entry of the noise covariance matrix of the system states in a Kalman

filter for an estimated chip temperature
R Electrical resistance
Rac Electrical alternating current resistance
Rcell Electrical load resistance of one cell of a cascaded H-bridge
RCu,pri Resistance of conductor copper on the primary side of a transformer
RCu,sec Resistance of conductor copper on the secondary side of a transformer
Rdc Electrical alternating current resistance
Rload Electrical load resistance
rPSO Randomly generated number in the particle-swarm-optimization
Rth Thermal resistance
R̂th Estimated thermal resistance
R̂conv

th Estimated thermal resistance that converged to a steady value
Rth,cr Thermal resistance modeling a thermal cross coupling effect
R̂th,cr Estimated thermal resistance modeling a thermal cross coupling effect
rwinding Radius of a winding
s Variable of the Laplace transformation
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S Noise covariance matrix of the measurements in a Kalman filter
smeas Measurement noise
STchip Entry of noise covariance matrix of the measurements in a Kalman filter

for a chip temperature
t Time
tr Time of the temperature rise (heating time)
T Temperature
T̂ Estimated temperature
T̂ Vector of estimated temperatures
Ta Ambient temperature
Tchip Chip temperature
T̂chip Estimated chip temperature
TCth Temperature of a thermal capacitor
Tj Junction temperature
T̄j Average junction temperature
T max

j Maximum junction temperature

T min
j Minimum junction temperature

T̄j Average junction temperature
T max

j Maximum junction temperature

T min
j Minimum junction temperature

Tref Reference temperature
Tref Reference temperature vector
u Inputs of a system
umc Inputs of the multichip version of the dual extended Kalman filter based

thermal digital twin
v Voltage
v̂ Estimated voltage
vac Alternating current voltage, grid voltage
Vac,rms,ph Root mean square alternating current voltage between line and neutral

conductor
Vblock Blocking state voltage of a semiconductor
Vblock,ref Reference value of the blocking state voltage of a semiconductor
Vcc Voltage between collector and emitter in blocking state
vce Voltage between collector and emitter
vcell Alternating current voltage of one cell of a cascaded H-bridge
Vce(sat) Saturation voltage between collector and emitter
vCHB Alternating current voltage of a cascaded H-bridge
VCHB,dc Direct current part of the alternating current voltage of a cascaded

H-bridge
VCHB,rms Root mean square of the alternating current voltage of a cascaded
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H-bridge
VCHB,rms,fund Root mean square of the alternating voltage at fundamental frequency of

a cascaded H-bridge
Vcore Volume of the core of a transformer
vD Forward voltage of a diode
Vdc Direct current voltage
V ∗

dc Direct current reference voltage
V filt

dc Direct current voltage that a smoothing filter has been applied to
Vdc−link Direct current-link voltage
V ∗

dc−link Direct current-link reference voltage
vge Voltage between gate and emitter
Vge(th) Threshold voltage between gate and emitter
Vgg Designed operation voltage between gate and emitter
Vin Input direct current voltage
vL Inductor voltage
vLbuck Voltage of the inductance of a buck converter
vLDAB Voltage of the inductance of a dual active bridge converter
Vlink Direct current voltage of a link between converters
Vload Direct current load voltage
VLVdc Low voltage direct current grid voltage
V ∗

LVdc Low voltage direct current grid reference voltage
Vout Output direct current voltage
Vpri Root mean square voltage on the primary side of a transformer
vPSO Set of parameter velocities of a particle in the particle-swarm-

optimization
Vrated Rated voltage of semiconductor
vref Reference voltage
Vs Voltage of a direct current source
Vsec Root mean square voltage on the secondary side of a transformer
W Set of weights of the arcs in a directed graph
w Process noise
wcore,win Width of a core window
x States of a system
x0 Initial states of a system
x̂ Estimated states of a system
x̂mc Estimated states of the multichip version of the dual extended Kalman

filter based thermal digital twin
x̂− Estimated states of a system before the correction step in a Kalman filter
x̂+ Estimated states of a system after the correction step in a Kalman filter
y Outputs of a system
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ŷ Estimated outputs of a system
ŷmc Estimated outputs of the multichip version of the dual extended Kalman

filter based thermal digital twin
Zth Thermal impedance
Żth Time derivative of the thermal impedance
Żth Time derivative of the thermal impedance matrix
α Unspecific angle
γ Distortion factor of the coordinate transformation in the low voltage

power plane by the link ratio for the interconnected topology
∆Psys,loss,rel Relative difference between total power losses of a system calculated

under consideration of the flow conservation constraint and without it
∆T Temperature difference
∆Tj Junction temperature swing
η Efficiency
ηDAB Efficiency of a dual active bridge
η j,b Efficiency for backward power flow in a converter described by node j in

a directed graph
η j,f Efficiency for forward power flow in a converter described by node j in a

directed graph
ηsys Efficiency of the whole system
η̄sys Average weighted efficiency of the whole system
ϑ Angle in a periodic signal
ξ Link ratio of the interconnected topology
ξAWE Link ratio chosen according to the average weighted system efficiency
ξCoM Link ratio chosen according to the location of the center of the mission

profile
ξopt Link ratio of the interconnected topology to provide optimal efficiency
ρCu Specific resistance of copper
τ Specific time period
τth Thermal time constant
φ Clamping angle
ϕ Phase shift of a dual active bridge
ϕi Phase shift of the interconnecting dual active bridge
ϕLVac Phase shift between voltage and current in a low voltage alternating

current grid
ϕMVac Phase shift between voltage and current in a medium voltage alternating

current grid
ϕ1−ξ Angle in the low voltage power plane connected to the counterpart of

the link ratio
ω Angular frequency
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ω0 Base angular frequency
ωg Grid angular frequency
ωPSO Inertia weight in the particle-swarm-optimization

Abbreviations

ac Alternating current
ATC Active thermal control
ATR Aktive thermische Regelung
AWE Average weighted system efficiency
BESS Battery energy storage system
c Converter node in a directed graph
CHB Cascaded H-bridge
CM Condition monitoring
CoM Center of the mission profile
CTE Coefficient of thermal expansion
D Diode
DAB Dual active bridge
dc Direct current
DCB Direct copper bond
DEKF Dual extended Kalman filter
DSP Digital signal processor
DT Digital twin
E End/sink node in a directed graph
EE Erneuerbare Energiequellen
EV Electric vehicle
FCC Flow conservation constraint
HIL Hardware-in-the-loop
IGBT Insulated gate bipolar transistor
IPOP Input parallel output parallel
ISOP Input series output parallel
IT Interconnected topology
L1 First line of an alternating current three phase grid
L2 Second line of an alternating current three phase grid
L3 Third line of an alternating current three phase grid
LEF Ladesysteme für Elektrofahrzeuge
LV Low voltage
LVac Low voltage alternating current
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LVdc Low voltage direct current
MAB Multiple active bridge
MV Medium voltage
MVac Medium voltage alternating current
N Neutral line of a grid
NCF Non-conserved flows
NIT Non-interconnected topology
NP Neutral point
PE Power electronics
PEBB Power electronics building block
PI Proportional-integral
PLL Phase-locked loop
PR Proportional-resonant
PSO Particle-swarm-optimization
p.u. Per unit
PV Photo voltaic
PWM Pulse width modulation
RES Renewable energy sources
RMS Root mean square
RR Reverse recovery
RTS Real-time simulation
RUL Remaining useful lifetime
S Source node in a directed graph
SOGI Second-order generalized integrator
SoH State of health
ST Smart transformer
SST Solid state transformer
T Transistor
THD Total harmonic distortion
TSEP Temperature sensitive electrical parameter
v Virtual node in a directed graph
ZVS Zero voltage switching
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1. Introduction

This chapter introduces the motivation of the main directions in this work. The first main
direction is the design of hybrid grids-feeding Smart Transformers, which is related to the
efficiency of power electronics. The second main direction is active thermal control and

thermal observation, which is composed of two directions: observation of the thermal be-

havior of power modules and active thermal control of power electronics converters. This
second main direction is related to the reliability of power electronics.

The efficiency and reliability are essential for power electronics applications. The research
proposal of this work - given after the motivation - contains three targets, which are:

• Design optimization of hybrid grids-feeding Smart Transformers for improved effi-
ciency and reduced converter loading,

• Development of thermal digital twin approaches for observation of the thermal behav-
ior of power modules,

• Elaboration on active thermal control methods for hybrid grids-feeding Smart Trans-
formers.

Afterwards, the structure of the work in terms of chapters, sections, and related publications
is presented and an overview of the content of the different chapters is given. Finally, the
publications associated with this work are listed.

1.1. Motivation of hybrid grids-feeding Smart Transformers

The increasing integration of distributed renewable energy sources (RES) and electric vehi-
cle (EV) charging systems into the power grid poses challenges in handling high generation
and demand variability [1–3]. Hybrid ac/dc distribution systems are considered as a major
possibility in order to facilitate the integration of the needed flexibility in the future distribu-
tion grid [4, 5]. The utilization of hybrid distribution systems - which embed dc grids inside
the existing ac grid structure - could combine an efficient integration of RES, EV charging
stations, and battery energy storage systems (BESS) [6] via dc grids with the established
protection mechanisms of ac grids.

The provision of hybrid distribution grids can be realized via power electronics-based trans-
formers [7], which are able to provide connectivity to dc grids as well as to build the joint
between ac grids on medium and low voltage levels. Furthermore, the concept of the Smart
Transformer (ST) can play an important role for the provision and the management of hybrid
distribution grids [8, 9]. This concept of the ST is defined in [10] as:
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The ST is a power electronics-based transformer with advanced control
functionalities to allow flexible ac and dc distributions, and the possibility
to provide grid services.

One service the ST can provide for the grids is to improve the voltage profile of the medium
voltage (MV) grid by injecting reactive power via the converter connected to the MV grid
[11]. Herein, using an active power control of the low voltage (LV) grids fed by the ST -
utilizing the voltage-dependency of the loads - leads to a lower voltage drop in the MV grid
due to the reduced active current, and at the same time more reactive power can be injected
via the converter connected to the MV grid. The load control in the LV grids fed by the ST
can also be used for primary frequency regulation in the MV grid [12]. Herein, the possibility
to decrease or increase the consumption in the LV grids is utilized as a power reserve during
frequency variations. Further, the load control in the ST-fed LV grids can be used to reduce
the consumption in order to prevent an overload of the ST or to apply a soft load reduction
of all consumers to mitigate the execution of load shedding [13].

1.2. Motivation of observation of the thermal behavior of power
modules

The reliability of power electronics systems is crucial in order to guarantee a high availability
of them in failure-critical applications - e.g. more electric aircrafts [14] - and future power
electronics-based grids [10]. To guarantee a high availability of power electronics applica-
tions, the reliability of power modules is essential, because the power semiconductors are
- besides the capacitors - main failure components in power electronics systems [15, 16].
Monitoring the health condition of power modules [15] enables the application of prognos-
tic maintenance [17], which can reduce the downtime of the systems due to power module
failure-caused unscheduled maintenance.

Thermo-mechanical stress of power modules due to varying system utilization is a major
factor causing their degradation [17]. Furthermore, the thermal behavior of power modules
changes with degradation and can be used to monitor their health condition [15]. The obser-
vation of the thermal behavior of power modules allows to monitor the temperatures in order
to evaluate if the converter is within safe operation conditions or might be damaged by over-
temperatures. Detecting over-temperatures is the first step to initiate measures in order to
protect the power modules from harm. Another possibility that is enabled by the observation
of the thermal behavior of power modules is the provision of the temperature as essential
input for lifetime models in order to estimate their state of health and the remaining useful
lifetime [18]. The estimation of the state of health and the remaining useful lifetime allows
to adjust the maintenance schedule in order to increase the reliability of power modules. An
additional way, that could be combined with the estimation made by lifetime models, is to
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carry out condition monitoring based on the thermal behavior in order to access the state of
health of power modules. Further, observing the thermal behavior of power modules can
provide the temperature as a feedback signal for active thermal control algorithms.

1.3. Motivation of active thermal control of power electronics
converters

As presented in the motivation of observation of the thermal behavior of power modules, the
reliability of power modules is important and thermo-mechanical stress leads to their degra-
dation. Beyond monitoring the health condition of power modules, actively influencing the
thermo-mechanical stress that power modules are exposed to by active thermal control of
power electronics converters can be desirable. This is especially the case for power elec-
tronics systems which are costly to reach for maintenance due to a difficult accessibility, for
example subsea applications [19] or offshore wind power farms [20].

Active thermal control methods approach to increase the reliability of power modules in
power electronics converters in different ways [21]. One possibility is to apply active thermal
control methods which reduce the losses within power modules while operating close to the
thermal limits of the power electronics converters. This can enable a safe operation of power
electronics converters close to their limits and increase their overload capability.

Another way of trying to increase the reliability and the lifetime of power modules via active
thermal control methods is their application for thermal cycle reduction. Herein, the losses
of the power module are reduced for temperatures above the mean temperature and increased
for temperatures below the mean temperature. By reducing the temperature swings in this
way, the damage done to the power module is lower and their lifetime could be prolonged
[17].

Further, active thermal control methods can be implemented in order to balance the ther-
mal stress of power devices in multichip modules, parallel power modules, or in special
topologies with redundant switching states such as active neutral point clamped converters.
Balancing the thermal stress can benefit a uniform degradation of the power semiconductor
devices and relieve degraded devices with high temperatures from thermal stress [22–24].

Another way active thermal control methods can try to improve the reliability of power
electronics converter systems is to control the thermal stress of devices in different building
blocks. Herein, the thermal stress is relocated from further degraded system parts to less
degraded system parts, which attempts to increase the reliability of the power electronics
converter system and reduce the required maintenance appointments [25].
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1.4. Research proposal

The targets of the research proposal of this work are the following ones:

Target I: Optimization of the design of hybrid grids-feeding Smart Transformers for improved

efficiency and reduced converter loading

The first research objective is to optimize the design of ST topologies for the provision of hy-
brid distribution grids. The design of the ST topologies should consider requirements found
for hybrid ac/dc distribution/micro grids. An adjustable configuration of the ST topologies
should allow to optimize the ST efficiency according to a given mission profile of the hy-
brid distribution grid. Adjusting the configuration of the ST topologies should also be able
to provide a reduced converter loading for a given mission profile of the hybrid distribution
grid. This reduced converter loading could be used to downsize the converter power rating,
insert additional failure tolerance for the ST, or combine these two.

Target II: Development of thermal digital twin approaches for observation of the thermal

behavior of power modules

The second research objective is the development of thermal digital twin (DT) approaches
of power modules based on different methods. The thermal digital twin approaches should
be able to observe the thermal behavior of power modules, which could be checked by iden-
tifying the thermal parameters of a digital reference model in a real time simulation without
previous knowledge about these parameters. The developed thermal DT approaches should
be compared for suitable criteria, which consider possible advantages and disadvantages of
their application in the field as well as efforts required for further research on the approaches.
The more appropriate thermal DT approach should be extended for the observation of mul-
tiple semiconductor chips with thermal cross coupling effects inside a power module. It
should be verified that this thermal DT approach for multiple semiconductor chips is able to
replicate the temperatures of a real power module in the laboratory.

Target III: Elaboration on active thermal control methods for hybrid grids-feeding Smart

Transformers

The third research objective is to elaborate on active thermal control (ATC) methods for
hybrid grids-feeding STs. By reviewing ATC methods used for power electronics converters,
it should be evaluated which methods are most relevant for the application case ST. Those
methods identified should be elaborated to be made suitable for the requirements of the
hybrid grids-feeding ST topologies that should be found in the first objective of this work. A
simultaneous and independent operation of the methods in the ST should be considered.
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Fig. 1.1: Structure of the work with related publications.

1.5. Structure of this work

The structure of this work in terms of chapters, sections, and related publications is illustrated
in Fig. 1.1.

Chapter 2 is structured as follows: based on [26], advantages and requirements of hybrid
grids are presented in Section 2.1. Section 2.2 shows ST architectures and discusses which
of them can fulfill the requirements of hybrid grids. The basics of loss calculation and the
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power electronics converters used to realize ST topologies from the architectures in this work
are introduced in Section 2.3. A summary and the conclusions of Chapter 2 can be found in
Section 2.4.

Chapter 3 is structured as follows: the topologies presented in [26–28], which are the base
for the optimal configuration of the hybrid grids-feeding ST, are introduced in Section 3.1.
Based on [27, 28], Section 3.2 proposes a mission profile-based design procedure for the
power rating of all converters in the topologies, examines the opportunity to downsize one
specific converter, and a Monte Carlo-based sensitivity analysis of the derived converter
power ratings against deviations of the assumed mission profiles is executed. In Section 3.3,
the efficiency influence of the configuration in one of the basis topologies is presented, two
approaches to derive this configuration for optimal efficiency of mission profiles are pro-
posed according to [29, 30], and a laboratory validation of the efficiency influence of the
configuration choice is given. A summary and the conclusions of Chapter 3 can be found in
Section 3.4.

Chapter 4 is structured as follows: The fundamentals of thermal modeling are given in
Section 4.1. Section 4.2 describes the thermal influence on power semiconductor module
reliability by explaining the degradation mechanism evoked by thermal cycles, showing ex-
isting lifetime models and their limitations, and giving a review on condition monitoring
methods for power semiconductors via the thermal behavior. Afterwards, Section 4.3 pro-
poses the DT-based observation of the power semiconductor thermal behavior by describing
the basic principle of a thermal DT, developing DT approaches based on a particle-swarm-
optimization (PSO) - based on [31] - and a dual extended Kalman filter (DEKF), comparing
both approaches, and extending the DEKF-based thermal DT to a multichip representation,
which considers thermal cross coupling effects. Furthermore, the capability of the DEKF-
based multichip thermal DT to represent the thermal behavior in real-time is validated on a
laboratory setup. A summary and the conclusions of Chapter 4 can be found in Section 4.4.

Chapter 5 is structured as follows: Based on [21], a review of ATC methods used in power
electronics systems as well as an evaluation of these methods for the use in the ST are given
in Section 5.1. Section 5.2 elaborates on the graph theory-based modeling used for power
routing on basis of [32, 33] by introducing the basics of graph theory-based modeling of
power electronics converter systems, describing its application in hybrid grids-feeding STs,
as well as revealing and validating a modeling method with higher accuracy for the loss
description than the state-of-the-art method. Next, a new third harmonic clamped modula-
tion method - originally presented in [34] - is described, theoretically compared with the
first harmonic clamped modulation method, and validated in the laboratory in Section 5.3.
Afterwards, Section 5.4 carries out a mission profile-based failure analysis for the hybrid
grids-feeding ST topologies and reveals the opportunity for additional failure tolerance in
one of the topologies, based on [27, 28]. A summary and the conclusions of Chapter 5 can
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be found in Section 5.5.

Chapter 6 gives a summary and the conclusions of this work. Further, potential topics for
future research based on this work are listed.

1.6. List of publications

The scientific publications associated with this work, to which Fig. 1.1 refers, are listed
here:

Journal publications

J1 J. Kuprat, K. Debbadi, J. Schaumburg, M. Liserre and M. Langwasser, "Thermal
Digital Twin of Power Electronics Modules for Online Thermal Parameter Identifi-
cation," in IEEE Journal of Emerging and Selected Topics in Power Electronics, doi:
10.1109/JESTPE.2023.3328219.

J2 J. Kuprat, J. Schaumburg, M. Langwasser and M. Liserre, "Mission Profile-Tailored
Design and Control of an Interconnected Hybrid Grid Connecting Converter Archi-
tecture," in IEEE Journal of Emerging and Selected Topics in Power Electronics, doi:
10.1109/JESTPE.2023.3278082.

J3 J. Schaumburg, J. Kuprat, M. Langwasser and M. Liserre, "Efficiency Optimiza-
tion via Mission Profile-Based Power Routing by Design of Hybrid Grid Connecting
Converter Architecture," in IEEE Open Journal of Power Electronics, doi: 10.1109/
OJPEL.2023.3241778.

J4 Y. Li, J. Kuprat, Y. Li and M. Liserre, "Graph-Theory-Based Derivation, Modeling
and Control of Power Converter Systems," in IEEE Journal of Emerging and Selected

Topics in Power Electronics, doi: 10.1109/JESTPE.2022.3143437.

J5 Y. Ko, J. Kuprat, S. Pugliese and M. Liserre, "Modulation Strategies for Thermal
Stress Control of CHB Inverters," in IEEE Transactions on Power Electronics, vol.
37, no. 3, pp. 3515-3527, March 2022, doi: 10.1109/TPEL.2021.3117917.

J6 J. Kuprat, C. H. van der Broeck, M. Andresen, S. Kalker, M. Liserre and R. W. De
Doncker, "Research on Active Thermal Control: Actual Status and Future Trends," in
IEEE Journal of Emerging and Selected Topics in Power Electronics, vol. 9, no. 6, pp.
6494-6506, Dec. 2021, doi: 10.1109/JESTPE.2021.3067782.
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Conference publications

C1 J. Kuprat, Y. Pascal and M. Liserre, "Real-Time Thermal Characterization of Power
Semiconductors using a PSO-based Digital Twin Approach," 2022 24th European
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2. Fundamentals of hybrid grids-feeding Smart
Transformers

This chapter introduces the fundamentals of hybrid grids-feeding Smart Transformers (STs)
for optimizing their efficiency and design in Chapter 3. For this purpose, the definition
of hybrid grids referred to in this work as well as their advantages and requirements are
presented. Further, ST architectures are shown and their ability to fulfill the requirements
is discussed. Moreover, the power electronics converters, which are used in this work, to
realize topologies from the architectures are introduced.

The chapter is organized as follows: based on [26], advantages and requirements of hybrid
grids are presented in Section 2.1. Section 2.2 shows ST architectures and discusses which
of them can fulfill the requirements of hybrid grids. The basics of loss calculation and the
power electronics converters used to realize ST topologies from the architectures in this work
are introduced in Section 2.3. A summary and the conclusions of the chapter can be found
in Section 2.4.

2.1. Hybrid grids advantages and requirements

This section presents what the term hybrid grids refers to in this work. Next, the advantages
enabled by the utilization of hybrid grids are shown. Afterwards, the requirements for a safe
implementation of hybrid grids, which realizes the shown advantages, are given.

2.1.1. Hybrid grids definition

In this work, the term hybrid grids refers to embedding dc grids inside the existing ac grid
structure. In particular, the integration of LVdc grids on a low voltage level - up to 750V dc
between power line and neutral conductor - is considered besides the existing LVac grids.

The existing MVac grids are considered as primary distribution grid on a medium voltage
level. The STs investigated in this work build a substation to connect an MVac primary dis-
tribution grid with a hybrid secondary distribution grid consisting of LVac and LVdc grids.

2.1.2. Hybrid grids advantages

The advantages of hybrid grids are the benefits from LVac as well as LVdc grids, which can
be both exploited by using hybrid LV grids [35]. These benefits of LVac grids compared to
LVdc grids and vice versa are presented in Fig. 2.1. A main benefit of LVdc grids compared
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Fig. 2.1: Benefits of LVac and LVdc grids combinable via a hybrid grid.

to LVac grids is the lower number of conversion stages for the integration of electric vehi-
cle (EV) charging stations, photo voltaic (PV) power generation plants, and battery energy
storage systems (BESS) into a dc grid compared to their integration into an ac grid. Less
conversion stages lead to less losses and, therefore, a higher efficiency of the distribution
system [36, 37]. A further benefit of LVdc grids compared to LVac grids is the reduced sys-
tem complexity due to the fact that management of reactive power and grid frequency is not
needed [38].

The main benefit of LVac grids compared to LVdc grids is the availability of established pro-
tection schemes and equipment, which is especially important for areas where inexperienced
users connect and disconnect electrical devices frequently, such as in households. Another
benefit of LVac grids compared to LVdc grids is the efficient connection of ac loads, such as
industrial ac machines, without the necessity of installing an inverter.

2.1.3. Hybrid grids requirements

The first requirement, which needs to be fulfilled to provide the possibility to operate a
hybrid secondary distribution grid safely, is the provision of galvanic isolation between the
grids. Galvanic isolation between the MVac primary distribution grid and the LV secondary
distribution grids is required to guarantee the safety of persons and equipment in facilities
connected to the LV secondary distribution grids. Furthermore, galvanic isolation is also
required between the LVac and LVdc secondary distribution grids. Absence of galvanic
isolation between LVac and LVdc secondary distribution grids can lead to high fault and
body currents due to the common mode voltage between the LV grids [39] and limits the
flexibility of choosing appropriate grounding schemes [40, 41].

The second requirement is to choose an appropriate hybrid grids connecting converter ar-
chitecture in order to realize the full potential for increasing the efficiency of the system by
the utilization of hybrid secondary distribution grids. The hybrid grids connecting converter
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architectures investigated in this work are the Smart Transformer architectures, which are
introduced in Section 2.2.

2.2. Smart Transformer architectures

This section shows general ST architectures at first. Next, ST architectures, which are suit-
able for the provision of hybrid LV secondary distribution grids and fulfill the requirement
of galvanic isolation between this LV grids, are presented. Afterwards, a review on hybrid
grids-feeding ST topologies proposed in research articles is given and the ST architectures
they refer to are identified. In this work, ST topologies describe the realization of ST archi-
tectures with specific power electronics converters.

2.2.1. General ST architectures

The general ST architectures to connect an MVac primary distribution grid to an LVac or an
LVdc secondary distribution grid are shown in Fig. 2.2. A two stage ST architecture does not
allow provision of a galvanic isolation between an MVac primary distribution grid and an
LVac secondary distribution grid (Fig. 2.2 (a)), to insert galvanic isolation a three stage ST
architecture is needed (Fig. 2.2 (c)). For the connection of an MVac primary distribution grid
and an LVdc secondary distribution grid, a two stage ST architecture is sufficient to provide
galvanic isolation between these grids (Fig. 2.2 (b)).

2.2.2. Hybrid grids-feeding ST architectures

A hybrid grids-feeding ST architecture fulfilling the galvanic isolation requirement between
the grids could be created by utilizing the three stage ST architecture shown in Fig. 2.2 (c)

Fig. 2.2: ST architectures providing connection between MVac and a single LV grid, (a) two-stage
unisolated MVac-LVac, (b) two-stage isolated MVac-LVdc, and (c) three stage isolated
MVac-LVac architecture.
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Fig. 2.3: ST architectures for the connection between MVac and a hybrid LV grid fulfilling the gal-
vanic isolation requirements, (a) non-interconnected architecture and (b) interconnected ar-
chitecture.

for the connection of MVac and LVac grids and the two stage ST architecture shown in
Fig. 2.2 (b) for the connection of MVac and LVdc grids. However, this would result in five
conversion stages for the power transfer between the LV grids, which would lead to high
losses and low hybrid grids connecting converter efficiency.

A hybrid grids-feeding ST architecture fulfilling the galvanic isolation requirement between
the grids can also be created by connecting an isolated dc/dc converter to the LV side dc-link
of the three stage ST architecture, as shown in Fig. 2.3 (a). This results in two conversion
stages between the LV grids and three conversion stages between MVac grid and LV grids.
A further possibility is the interconnected architecture shown in Fig. 2.3 (b), which provides
only two conversion stages between MVac and LVdc grids.

The potential of the interconnected architecture will be investigated in this work and the ST
architecture shown in Fig. 2.3 (a), which is referred to as non-interconnected architecture,
will be used as benchmark for comparison.

2.2.3. Review on hybrid grids-feeding ST topologies

Most topologies of hybrid grids-feeding STs proposed in research articles are based on the
three stage architecture shown in Fig. 2.2 (c). Topologies with cascaded H-bridge (CHB)
converter for the MVac connection, dual active bridge (DAB) converters for the dc/dc isola-
tion stage, two-level three phase inverter for the LVac grid provision, and a direct connection
of the LVdc grid to the dc-link on the LV side have been proposed in [9, 42–44]. Further,
using quadruple active bridge converters for the dc/dc isolation stage has been proposed in
[9]. A topology with neutral point clamped converter for the MVac connection is proposed in
[45] and an active rectifier is used in [46, 47]. In these articles, the isolation stage is realized
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via DAB converters and the LVac provision via a two-level three phase inverter. Direct con-
nections of an MVdc grid on the dc-link of the MV side and of an LVdc grid on the dc-link
of the LV side are proposed. Furthermore, different topology realizations of the three stage
architecture shown in Fig. 2.2 (c) have been proposed in [7] and work with this architecture
without specifying a topology has been conducted in [48]. Also in these articles, a direct
connection of the LVdc grid on the dc-link of the LV side has been considered.

None of the hybrid grids-feeding ST topologies proposed in [7, 9, 42–48] fulfill the require-
ment of galvanic isolation between LVac and LVdc grids needed for a safe operation of
hybrid secondary distribution grids - as described in Section 2.1.

A topology based on a CHB for the MVac connection, a multiple active bridge (MAB) con-
verter for the isolation stage, and a two-level three phase inverter for the provision of the
LVac grid has been proposed in [49]. The LVdc grid connection is proposed as one port
of the MAB converter, which provides galvanic isolation between the grids. This topology
is based on the interconnected architecture shown in Fig. 2.3 (b), herein, all dc/dc isolation
stages are realized via the MAB converter. However, utilization of an MAB converter with a
high number of inputs and outputs raises challenges in terms of its design and control.

Therefore, DAB converters are considered in this work to realize the different dc/dc isolation
stages of the interconnected architecture shown in Fig. 2.3 (b). Further, the MVac connection
is realized via a CHB and the LVac grid provision via a two-level three phase inverter.

2.3. Power electronics converters for Smart Transformers

This section introduces the power electronics converters, which will be used in Section 3.1 to
realize ST topologies based on the non-interconnected and interconnected ST architectures
presented in Section 2.2. The focus of the presentation of the power electronics converters is
the calculation of their losses depending on the power processed by them.

In this section, the calculation of semiconductor and transformer losses are introduced at
first. Next, the topology and operation principle of a DAB converter is introduced, equations
to describe the electrical waveforms are derived, and the calculation of the DAB losses is
explained. Then, the topology and operation principle of a two-level three phase inverter is
introduced, equations to describe the electrical waveforms are given, and the calculation of
the inverter losses is explained. Afterwards, the topology and operation principle of a CHB
converter is introduced, equations to describe the electrical waveforms are given, and the
calculation of the CHB losses is explained.
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2.3.1. Semiconductor losses

In the converters used in the work two kinds of power semiconductors will be used: insulated
gate bipolar transistors (IGBTs) - as devices which can be turned on and off actively - and
diodes, which allow current flow only in one direction. The semiconductor losses considered
in this work are:

• conduction losses of IGBTs and diodes,

• switching losses of IGBTs,

• reverse recovery losses of diodes.

The conduction losses of IGBTs and diodes arise whenever current flows through the power
semiconductors. The switching losses of IGBTs occur when they are turned on or off and
none of the zero voltage or zero current soft switching conditions shown in Fig. 2.4 is present.
The reverse recovery losses of diodes occur whenever switching an IGBT applies a voltage
in blocking direction of a diode while the diode carries current.

The average conduction losses of an IGBT for a specific period τ , such as the time span from
t2 = 0 to t3 = τ in Fig. 2.5, can be calculated by

Pcon,IGBT =
1
τ

∫
τ

0
vce(t)ic(t) dt . (2.1)

Herein, the collector current of the IGBT ic(t) can be determined via an electrical simulation/
calculation of the converter behavior or by measurements on a real system. The characteristic
of the IGBT collector emitter voltage vce(t) depending on the collector current is specified
in the manufacturer’s data sheet.

The average conduction losses of a diode for a specific period τ can be calculated by

Pcon,diode =
1
τ

∫
τ

0
vD(t)iD(t) dt . (2.2)

Fig. 2.4: Collector current and collector emitter voltage behavior during (a) zero current turn-on, and
(b) zero voltage turn-off (adapted from [50]).
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Herein, the current through the diode iD(t) can be determined via an electrical simulation/
calculation of the converter behavior or by measurements on a real system. The character-
istic of the diode forward voltage vD(t) depending on the diode current is specified in the
manufacturer’s data sheet.

The energy converted to heat during one turn-on of an IGBT, schematically shown in Fig. 2.5,
can be calculated by

Eon(ic(t2),Vblock,ref) =
∫ t2

t1
ic(t)vce(t) dt . (2.3)

Herein, the collector current and the collector emitter voltage during the turn-on and, there-
fore, the energy converted to heat depend on the current that is commutated by the IGBT
ic(t2) and the collector emitter voltage over the IGBT during the off-state Vcc. The collec-
tor emitter voltage over the IGBT during the off-state used for the characterization of the
switching losses is the reference blocking voltage Vblock,ref. The characteristic of the energy
converted to heat during one turn-on of an IGBT depending on the current commutated by
the IGBT for a specific reference blocking voltage Vblock,ref is given in the manufacturer’s
data sheet.

The energy converted to heat during one turn-off of an IGBT, schematically shown in Fig. 2.5,

Fig. 2.5: Gate emitter voltage, collector current and collector emitter voltage waveforms for an IGBT
during turn on (t1 < t < t2), conduction (t2 < t < t3) and turn off (t3 < t < t4) (adapted from
[50]).
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Fig. 2.6: Current, voltage and turn-off losses behavior during diode reverse recovery (adapted from
[50]).

can be calculated by

Eoff(ic(t3),Vblock,ref) =
∫ t4

t3
ic(t)vce(t) dt (2.4)

Herein, the collector current and the collector emitter voltage during the turn-off and, there-
fore, the energy converted to heat depend on the current through the IGBT when the turn-off
starts ic(t3) and the collector emitter voltage over the IGBT during the off-state. The char-
acteristic of the energy converted to heat during one turn-off of an IGBT depending on the
current through the IGBT when the turn-off starts for a specific reference blocking voltage
Vblock,ref is given in the manufacturer’s data sheet.

For adjusting the values of the energy converted to heat during turn-on and turn-off to other
blocking voltages Vblock than the one that was used during the characterization, a linear scal-
ing is used

Eon(ic(t2),Vblock) = Eon(ic(t2),Vblock,ref)
Vblock

Vblock,ref
(2.5)

Eoff(ic(t3),Vblock) = Eoff(ic(t3),Vblock,ref)
Vblock

Vblock,ref
. (2.6)

The average IGBT switching losses for a specific period τ with B1 turn-on events and B2

turn-off events can be calculated by

Ploss,sw =
1
τ

(
B1

∑
b=1

Eon(ic(b),Vblock)+
B2

∑
b=1

Eoff(ic(b),Vblock)

)
. (2.7)

The energy converted to heat during one reverse recovery of a diode, schematically shown
in Fig. 2.6, can be calculated by

Err(iD(t5),Vblock,ref) =
∫ t7

t6
iD(t)vD(t) dt (2.8)
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Herein, the diode current and the diode voltage in forward direction during the reverse re-
covery and, therefore, the energy converted to heat depend on the current that flows initially
through the diode iD(t5) and the final voltage blocked by the diode. The final voltage blocked
by the diode that is used for the characterization of the reverse recovery losses is the refer-
ence blocking voltage Vblock,ref. The characteristic of the energy converted to heat during one
reverse recovery of a diode depending on the current that flows initially through the diode
for a specific reference blocking voltage Vblock,ref is given in the manufacturer’s data sheet.

For adjusting the values of the energy converted to heat during reverse recovery to other
blocking voltages Vblock than the one that was used during the characterization, a linear scal-
ing is used

Err(iD(t5),Vblock) = Err(iD(t5),Vblock,ref)
Vblock

Vblock,ref
. (2.9)

The average diode reverse recovery losses for a specific period τ with B reverse recovery
events can be calculated by

Ploss,rr =
1
τ

(
B

∑
b=1

Err(iD(b),Vblock)

)
. (2.10)

2.3.2. Transformer losses

A DAB contains a medium frequency transformer in order to provide galvanic isolation
between its input and output. Therefore, it is also necessary to consider the losses of the
medium frequency transformer in order to calculate the losses of a DAB. The transformer
losses considered in this work are:

• copper losses of the conductor windings,

• core losses of the magnetic core material.

The copper losses of the conductor windings depend on the currents flowing through them
on the primary and secondary side of the transformer. Therefore, they change with the power
processed by the DAB, whereas the core losses are independent from the processed power.

The copper losses of the conductor windings can be calculated via the resistance of the wind-
ings and the primary and secondary currents of the transformer. The primary and secondary
currents of the transformer can be derived by electrical simulation/ calculation of the DAB
converter. The way of calculating the resistances of the conductor windings based on the
DAB design is presented in the following passage.

The first step to determine the resistance of the conductor windings is to calculate the length
of the conductor on the primary and on the secondary side. For this purpose, the number
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of windings on the primary side Npri needs to be chosen and the number of windings on the
secondary side is calculated by

Nsec =
Vsec

Vpri
Npri =

1
n

Npri . (2.11)

Herein, the turns ratio of the transformer n =
Npri
Nsec

is designed to the ratio of the design values
of primary RMS voltage Vpri to secondary RMS voltage Vsec of the transformer. The cross
sectional area of the transformer core Acr required to avoid saturation of the core material is
calculated by

Acr =
Vpri

Npricform fswBpk
. (2.12)

Herein, cform is a coefficient which describes the impact of the applied electrical waveforms
on the saturation of the core, for the DAB waveforms cform = 4 is considered. fsw is the
applied switching frequency of the DAB and Bpk is the peak value of the magnetic flux
density of the core material without saturation - in this work N87 ferrite is considered as
core material. The length of one turn of the conductor windings is approximated as shown
in Fig. 2.7 by a circle with the radius

rwinding =
√

2
√

Acr

2
. (2.13)

Herein, it is assumed that the cross sectional area of the core is a square. The length of the
conductor on the primary side can be determined by

lpri = Npri2πrwinding (2.14)

and the length of the conductor on the secondary side by

lsec = Nsec2πrwinding . (2.15)

The cross sections of the conductors are chosen to have a maximum current density of

Fig. 2.7: Approximation of wire length for one turn on the transformer core.
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Fig. 2.8: Measured ac resistance factor of 125 strands of 0.16mm diameter magnet wire constructed
as "‘true litz"’ 5×5×5 (adapted from [51]).

6 A
mm2

Acond,pri =
Ipri,rms,max

6 A
m2 106

(2.16)

Acond,sec =
Isec,rms,max

6 A
m2 106

. (2.17)

Herein, the maximum RMS currents on the primary side Ipri,rms,max and the secondary side
Isec,rms,max are determined based on electrical simulation/ calculation of the DAB at the de-
signed rated power. The resistances of the conductors are calculated based on the conductor
length, their cross section and the specific resistance of copper ρCu

RCu,pri = ρCu
lpri

Acond,pri
(2.18)

RCu,sec = ρCu
lsec

Acond,sec
. (2.19)

The impact of skin and proximity effects on the losses are neglected in this work, because
they can have insignificant impact on the copper losses for switching frequencies below
20kHz, as shown in Fig. 2.8. The copper losses are then calculated via the resistances of a
specific DAB and transformer design and the RMS currents from the electrical simulation/
calculation, which depend on the power processed by the DAB,

Ploss,Cu,pri = RCu,priI2
pri,rms (2.20)

Ploss,Cu,sec = RCu,secI2
sec,rms . (2.21)

The core losses of the magnetic transformer core material, which include hysteresis losses
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Fig. 2.9: Assumed transformer core geometry for volume calculation.

as well as eddy current losses, are considered via the Steinmetz equation

Ploss,core = cstm,1 f cstm,2
sw Bcstm,3

pk Vcore . (2.22)

Herein, fsw is the switching frequency of the DAB, Bpk is the peak magnetic flux density
considered in (2.12), Vcore is the volume of the transformer core, and cstm,1, cstm,2, cstm,3 are
coefficients for the specific core material (N87 ferrite). For the volume calculation of the
transformer core, an E-core is considered which has primary as well as secondary conductor
windings on the middle leg of the core. A window utilization factor of 0.3 is assumed, which
means that the copper of the conductor windings in each of the two windows of the E-core
is considered as 30% of the window area

Acore,win =
Acond,priNpri +Acond,secNsec

0.3
. (2.23)

Further, it is assumed that the windows height is three times the windows width, which
gives

hcore,win =
√

3Acore,win , (2.24)

wcore,win =

√
Acore,win

3
. (2.25)

The previously made assumptions result in a transformer core geometry as shown in Fig. 2.9.
The volume of this transformer core geometry can be calculated by

Vcore = 2Acrhcore,win +2Acrwcore,win +2Acr
√

Acr . (2.26)

The calculated transformer volume for a specific DAB design can be used in (2.22) to con-
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sider the core losses of the medium frequency transformer. These core losses are static,
which means that they do not change with the processed power of the DAB.

The considered calculation of the transformer losses is simple, which is sufficient in this
work, because the accuracy gain by more complex modeling methods of the transformer
losses, e.g. [52, 53], would have insignificant impact on the investigated phenomena.

2.3.3. Dual active bridge

The topology of a DAB contains two full bridges, a medium frequency transformer, and an
inductor, as shown in Fig. 2.10. Both full bridges are operated in square wave mode with
a duty cycle of 50% at a switching frequency fsw, which means that alternating plus and
minus the dc voltages are applied to the ac sides of the full bridges, which are coupled with
the inductor and the medium frequency transformer. The power transferred by the DAB
is controlled by inserting a phase shift ϕ between the primary and secondary modulation
signals.

The current and voltage waveforms of a DAB with power flow from input to output are shown
in Fig. 2.11 and in Fig. 2.12 for reverse power flow. Based on this electrical waveforms,
the conduction intervals of the semiconductors as well as the occurrence of hard switching
events can be identified, which are used to calculate the semiconductor losses as explained
previously in this section. Also the transformer losses can be calculated based on these
electrical waveforms.

In order to execute the loss calculation it is necessary to derive the electrical waveforms
in dependency of the phase shift ϕ at first. For this purpose, the evolution of the inductor
current ipri is described depending on the voltage drop over the inductor, as it is shown in
Fig. 2.10,

dipri(t)
dt

=
vLDAB

LDAB
=

v1(t)−nv2(t)
LDAB

. (2.27)

The inductor current is described for one period by substituting t = ϑ

2π fsw
. Due to the half

period point symmetry of the inductor current, describing a half period is sufficient.

Fig. 2.10: Dual active bridge topology.
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Fig. 2.11: Voltage and current waveforms of a dual-active bridge with positive power flow and indi-
cation of conducting semiconductors and switching events without ZVS.

For positive phase shifts 0 ≤ ϕ ≤ π, the inductor current is

ipri(ϑ) =


Vin+nVout

2π fswLDAB
ϑ + ipri(0) for 0 ≤ ϑ ≤ ϕ

Vin−nVout
2π fswLDAB

(ϑ −ϕ)+ ipri(ϕ) for ϕ ≤ ϑ ≤ π

. (2.28)

Herein, the inductor currents at ϕ and π can be expressed as

ipri(ϕ) =
Vin +nVout

2π fswLDAB
ϕ + ipri(0) (2.29)

and
ipri(π) =

Vin −nVout

2π fswLDAB
(π−ϕ)+ ipri(ϕ) . (2.30)

Without dc offset in the inductor current waveform and due to the half wave point symmetry
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Fig. 2.12: Voltage and current waveforms of a dual-active bridge with negative power flow and indi-
cation of conducting semiconductors and switching events without ZVS.

ipri(0) =−ipri(π) applies. Therefore, the inductor currents at ϕ and π can be specified as

ipri(ϕ) =
Vin +nVout

2π fswLDAB
ϕ − Vin −nVout

2π fswLDAB
(π−ϕ)− ipri(ϕ)

⇔ ipri(ϕ) =
Vin +nVout

4π fswLDAB
ϕ − Vin −nVout

4π fswLDAB
(π−ϕ)

(2.31)

and
ipri(π) =

Vin −nVout

2π fswLDAB
(π−ϕ)+

Vin +nVout

4π fswLDAB
ϕ − Vin −nVout

4π fswLDAB
(π−ϕ)

=
Vin −nVout

4π fswLDAB
(π−ϕ)+

Vin +nVout

4π fswLDAB
ϕ .

(2.32)

This results in a description of the inductor current by

ipri(ϑ) =


Vin+nVout

2π fswLDAB
ϑ − Vin−nVout

4π fswLDAB
(π−ϕ)− Vin+nVout

4π fswLDAB
ϕ for 0 ≤ ϑ ≤ ϕ

Vin−nVout
2π fswLDAB

(ϑ −ϕ)+ Vin+nVout
4π fswLDAB

ϕ − Vin−nVout
4π fswLDAB

(π−ϕ) for ϕ ≤ ϑ ≤ π .
(2.33)
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In this work, it is assumed that the DABs are operated at a gain GDAB = nVout
Vin

= 1. This
assumption reduces (2.33) to

ipri(ϑ) =


Vin+nVout

2π fswLDAB
ϑ − Vin+nVout

4π fswLDAB
ϕ for 0 ≤ ϑ ≤ ϕ

Vin+nVout
4π fswLDAB

ϕ for ϕ ≤ ϑ ≤ π .
(2.34)

The average power processed by the DAB can be calculated by

P̄DAB =
1
π

∫
π

0
v1(ϑ)ipri(ϑ) dϑ . (2.35)

Herein, v1(ϑ) is Vin for 0 ≤ ϑ ≤ π. Inserting this and (2.34) into (2.35) results in

P̄DAB =
Vin

π

(∫
ϕ

0

Vin +nVout

2π fswLDAB
ϑ − Vin +nVout

4π fswLDAB
ϕ dϑ +

∫
π

ϕ

Vin +nVout

4π fswLDAB
ϕ dϑ

)
=

Vin

π

([
Vin +nVout

2π fswLDAB

1
2

ϑ
2 − Vin +nVout

4π fswLDAB
ϕϑ

]ϕ

0
+

[
Vin +nVout

4π fswLDAB
ϕϑ

]π

ϕ

)

=
Vin

π

(
Vin +nVout

2π fswLDAB

1
2

ϕ
2 − Vin +nVout

4π fswLDAB
ϕ

2 +
Vin +nVout

4π fswLDAB
ϕ(π−ϕ)

)
=

Vin

π

(
Vin +nVout

4π fswLDAB
ϕ(π−ϕ)

)
.

(2.36)

With Vin = nVout, the processed power of the DAB for positive ϕ and GDAB = 1 can be
described by

P̄DAB(ϕ) = ϕ

(
1− ϕ

π

) VinVoutn
2π fswLDAB

for 0 ≤ ϕ ≤ π∧GDAB = 1 . (2.37)

For negative phase shifts −π ≤ ϕ ≤ 0, the inductor current is

ipri(ϑ) =


Vin−nVout

2π fswLDAB
ϑ + ipri(0) for 0 ≤ ϑ ≤ π+ϕ

Vin+nVout
2π fswLDAB

(ϑ − (π+ϕ))+ ipri(π+ϕ) for π+ϕ ≤ ϑ ≤ π

. (2.38)

Herein, the inductor currents at π+ϕ and π can be expressed as

ipri(π+ϕ) =
Vin −nVout

2π fswLDAB
(π+ϕ)+ ipri(0) (2.39)

and
ipri(π) =

Vin +nVout

2π fswLDAB
(π− (π+ϕ))+ ipri(π+ϕ) . (2.40)

Without dc offset in the inductor current and due to the half wave point symmetry ipri(0) =
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−ipri(π) applies. Therefore, the inductor currents at π+ϕ and π can be specified as

ipri(π+ϕ) =
Vin −nVout

2π fswLDAB
(π+ϕ)− Vin +nVout

2π fswLDAB
(−ϕ)− ipri(π+ϕ)

⇔ ipri(π+ϕ) =
Vin −nVout

4π fswLDAB
(π+ϕ)+

Vin +nVout

4π fswLDAB
ϕ

(2.41)

and
ipri(π) =

Vin +nVout

2π fswLDAB
(−ϕ)+

Vin −nVout

4π fswLDAB
(π+ϕ)+

Vin +nVout

4π fswLDAB
ϕ

=
Vin −nVout

4π fswLDAB
(π+ϕ)− Vin +nVout

4π fswLDAB
ϕ .

(2.42)

This results in a description of the inductor current by

ipri(ϑ)=


Vin−nVout

2π fswLDAB
ϑ − Vin−nVout

4π fswLDAB
(π−ϕ)+ Vin+nVout

4π fswLDAB
ϕ for 0 ≤ ϑ ≤ π+ϕ

Vin+nVout
2π fswLDAB

(ϑ − (π+ϕ))+ Vin−nVout
4π fswLDAB

(π+ϕ)+ Vin+nVout
4π fswLDAB

ϕ for π+ϕ ≤ ϑ ≤ π .

(2.43)

With the assumption of GDAB = nVout
Vin

= 1 (2.43) is reduced to

ipri(ϑ) =


Vin+nVout

4π fswLDAB
ϕ for 0 ≤ ϑ ≤ π+ϕ

Vin+nVout
2π fswLDAB

(ϑ − (π+ϕ))+ Vin+nVout
4π fswLDAB

ϕ for π+ϕ ≤ ϑ ≤ π .
(2.44)

Also here, v1(ϑ) is Vin for 0 ≤ ϑ ≤ π. Inserting this and (2.44) into (2.35) results in

P̄DAB =
Vin

π

(∫
π+ϕ

0

Vin +nVout

4π fswLDAB
ϕ dϑ +

∫
π

π+ϕ

Vin +nVout

2π fswLDAB
(ϑ − (π+ϕ))

+
Vin +nVout

4π fswLDAB
ϕ dϑ

)

=
Vin

π

([
Vin +nVout

4π fswLDAB
ϕϑ

]π+ϕ

0
+

[
Vin +nVout

2π fswLDAB

1
2

ϑ
2 − Vin +nVout

2π fswLDAB
(π+ϕ)ϑ

+
Vin +nVout

4π fswLDAB
ϕϑ

]π

π+ϕ

)

=
Vin

π

(
Vin +nVout

4π fswLDAB
ϕ(π+ϕ)+

Vin +nVout

2π fswLDAB

1
2

π
2

− Vin +nVout

2π fswLDAB

1
2
(π2 −2πϕ +ϕ

2)+
Vin +nVout

2π fswLDAB
(π+ϕ)ϕ

− Vin +nVout

4π fswLDAB
ϕ

2

)

=
Vin

π

(
Vin +nVout

4π fswLDAB
ϕ(π+ϕ)

)
.

(2.45)
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With Vin = nVout, the processed power of the DAB for negative ϕ and GDAB = 1 can be
described by

P̄DAB(ϕ) = ϕ

(
1+

ϕ

π

) VinVoutn
2π fswLDAB

for −π ≤ ϕ ≤ 0∧GDAB = 1 . (2.46)

Combining (2.37) and (2.46) gives

P̄DAB(ϕ) = ϕ

(
1−
∣∣∣ϕ

π

∣∣∣) VinVoutn
2π fswLDAB

for −π ≤ ϕ ≤ π∧GDAB = 1 . (2.47)

The specific current points I1 and I2 of the DAB inductor current waveform can be generally
described with Voutn = GDABVin by

I1(ϕ) = ipri(ϕ)
∣∣∣
0≤ϕ

= ipri(π+ϕ)
∣∣∣
ϕ≤0

=
Vin

4π fswLDAB

(
2ϕ +

ϕ

|ϕ|
π(GDAB −1)

)
(2.48)

and

I2(ϕ) = ipri(π)
∣∣∣
0≤ϕ

= ipri(0)
∣∣∣
ϕ≤0

=
Vin

4π fswLDAB

(
2GDABϕ +

ϕ

|ϕ|
π(1−GDAB)

)
. (2.49)

The design of the DAB inductance for a specific rated power of the DAB can be determined
by assuming a maximum phase shift of 35◦ π

180◦ in (2.47). The phase shift ϕ for a specific
processed power of a given DAB design can be calculated by reformulating (2.47). Herein,
always two phase shifts would lead to the same processed power, the phase shift closer to 0
should be taken, because it provides lower reactive power inside the DAB.

2.3.4. Two-level three phase inverter

The topology of a two-level three phase inverter with neutral wire is shown in Fig. 2.13. For
the calculation of the losses, it is sufficient to consider the electrical waveforms of one phase
of the two-level inverter (Fig. 2.14). For the half-bridge, the modulation index m is derived
by dividing the reference voltage vref by half of the dc-link voltage Vdc

2 .

Fig. 2.13: Two-level three phase inverter topology with neutral wire.
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Fig. 2.14: Single phase of a two-level inverter: (a) topology and (b) PWM modulation and indication
of conducting semiconductors and switching events.

The considered reference voltage for the LVac grid, with ωg = 2π50Hz, is

vref(t) =
√

2 ·230V sin(ωgt) . (2.50)

The phase current iph considered for the calculation of the losses is

iph(t) =
√

2
Pph

|cos(ϕLVac)|230V
sin(ωgt −ϕLVac) . (2.51)

Herein, Pph is the power consumed or generated in one phase of the LVac grid and ϕLVac is
the angle between voltage reference and the current of the same phase. An equal distribution
of the LVac power on each of the three phases is assumed.

The conduction intervals of the semiconductors and the occurrence of switching events, such
as turn-on and turn-off of the IGBTs as well as the reverse recovery (RR) of the diodes,
need to be identified for each period of the carrier 1

fsw
, as shown in Fig. 2.14. The loss

calculation is done for each period of the carrier in a half period of the reference voltage, as
shown exemplarily in Fig. 2.15. Considering half of the period is sufficient due to the point
symmetry of the electrical waveforms of the other half of the period. The average losses over
one half period of the reference voltage calculated for one phase of the two-level inverter are
up-scaled to three phases at the end.
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Fig. 2.15: Single phase reference voltage and phase current.

2.3.5. Cascaded H-Bridge

The topology of a seven-level single phase CHB is shown in Fig. 2.16. The CHB consists
of full bridge cells which are cascaded (in series connected) on the ac side. The number
of output voltage levels is the number of cells in one phase NCHB times two plus one -

Fig. 2.16: Cascaded H-bridge topology, single phase with three cells.
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Fig. 2.17: Full bridge converter: (a) topology and (b) unipolar PWM modulation and indication of
conducting semiconductors and switching events.

which gives seven levels for the three shown CHB cells. For laboratory implementation in
Section 5.3, a phase shifted carrier modulation is applied to the CHB, which means that a
unipolar modulation is applied to each of the cells whereby the carrier signals of the cells are
shifted by 180◦

NCHB
to each other.

However, only one full bridge cell is considered for the loss calculation of the CHB (Fig. 2.17).
The modulation index of the full bridge cell is

mCHB =

√
2Vac,rms,ph sin(ωgt)

NCHBVdc
. (2.52)

Herein, Vac,rms,ph is the RMS line to neutral voltage of the grid connected to the ac side of
the CHB, which is 1√

3
of the line to line voltage. The phase current of the CHB considered

for the calculation of the losses is

i =

√
2PCHB,ph

Vac,rms,ph|cos(ϕMVac)|
sin(ωgt −ϕMVac) . (2.53)

Herein, PCHB,ph is the power fed into or drawn from one phase of the MVac grid and ϕMVac is
the angle between voltage reference and the current of the same phase. An equal distribution
of the MVac power on each of the three phases is assumed.

The conduction intervals of the semiconductors and the occurrence of switching events need
to be identified for each period of the carrier 1

fsw
, as shown in Fig. 2.17. As in the case of the



2. Fundamentals of hybrid grids-feeding Smart Transformers 30

two-level inverter, the loss calculation is done for each period of the carrier in a half period
of the modulation index mCHB. The average losses over one half period of the modulation
index mCHB of one CHB cell is up-scaled to the number of CHB cells in one phase NCHB and
then to three phases.

2.4. Summary and conclusions of the chapter

This chapter introduced the definition of hybrid grids as referred to in this work at first in
Section 2.1. The advantages of hybrid secondary distribution grids were presented, which
combine benefits of LVac as well as LVdc grids. The benefits of LVac grids are utilization of
established protection schemes and equipment as well as supply of ac loads, whereas those
of LVdc grids are an efficient integration of photovoltaic power plants, battery energy stor-
age systems, and electric vehicle charging stations as well as a reduced system complexity.
Further, the requirements of hybrid grids were shown, which are galvanic isolation between
the grids and an efficient hybrid grids connection converter architecture.

Architectures for Smart Transformers (STs) were presented in Section 2.2. Herein, the gen-
eral ST architectures were shown at first. Then, hybrid grids-feeding ST architectures were
proposed, which fulfill the galvanic isolation requirement between the grids. Afterwards, a
review on hybrid grids-feeding ST topologies proposed in research articles was given and
the architectures these topologies are based on were identified.

The power electronics converters used to realize ST topologies from the ST architectures
in this work were described in Section 2.3. The focus of the converter description is to
calculate their power losses depending on the power processed by them. For this purpose,
the calculation of semiconductor and transformer losses was explained at first. Afterwards,
the derivation of the electrical waveforms of a dual active bridge, a two-level three phase
inverter, and a cascaded H-bridge was given and it was shown which semiconductors of the
converters need to be taken into account for the calculation of the losses at which part of the
electrical waveforms.
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3. Efficiency optimization and design of hybrid
grids-feeding STs

This chapter deals with one of the two major challenges for the application of STs - the
efficiency. Especially, the optimal design of the ST to provide hybrid low voltage grids
for the secondary distribution - via LVac and LVdc - is in focus. This optimal design of
the hybrid grids-feeding ST contributes to the realization of the advantages discussed in
Section 2.1. The optimality of the design is investigated in terms of the required converter
power ratings as well as the efficiency of the ST. The investigated ST topologies are based
on the architectures and converters presented in Section 2.2 and 2.3.

The chapter is organized as follows: the topologies presented in [26–28], which are the base
for the optimal configuration of the hybrid grids-feeding ST, are introduced in Section 3.1.
Based on [27, 28], Section 3.2 proposes a mission profile-based design procedure for the
power rating of all converters in the topologies, examines the opportunity to downsize one
specific converter, and a Monte Carlo-based sensitivity analysis of the derived converter
power ratings against deviations of the assumed mission profiles is executed. In Section 3.3,
the efficiency influence of the configuration in one of the basis topologies is presented, two
approaches to derive this configuration for optimal efficiency of mission profiles are pro-
posed according to [29, 30], and a laboratory validation of the efficiency influence of the
configuration choice is given. A summary and the conclusions of the chapter can be found
in Section 3.4.

3.1. Topologies of hybrid grids-feeding STs

This section introduces the topologies used to find an optimal configuration of the hybrid
grids-feeding ST. These topologies are the realization of the non-interconnected and the in-
terconnected hybrid grids-feeding ST architectures presented in Section 2.2 with the con-
verters from Section 2.3. They will be called Non-Interconnected Topology (NIT) and Inter-
connected Topology (IT) in this work.

In this section, the NIT and the IT are introduced at first. Afterwards, the method to calcu-
late the efficiency of the converter systems for specific LVac and LVdc power generation or
consumption is presented.

3.1.1. Non-interconnected topology

The NIT is presented in Fig. 3.1 (a) and its representation as a general graph - with the
different voltage levels and forms as nodes and the converters or converter combinations
connecting them as arcs - is shown in Fig. 3.1 (b).
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Fig. 3.1: (a) Non-interconnected topology and (b) graph representation.

The connection to the MVac grid (frequency of 50Hz and an RMS phase-to-phase voltage
of 11kV) is realized with a three-phase CHB with 15 cells in each phase. The dc side of
each cell of the CHB (voltage of 800V) is connected to a DAB, which provides galvanic iso-
lation between the MV and the LV grids. The combination of one CHB cell with the DAB
connected to it will be referred to as MVac Power Electronics Building Block (PEBB). The
outputs of all these DABs are connected in parallel to the dc-link (voltage of 800V). There-
fore, the combination of all MVac PEBBs builds an Input-Series-Output-Parallel (ISOP)
converter structure for the NIT.

The connection between the dc-link and the LVac grid (frequency of 50Hz and an RMS
phase-to-neutral voltage of 230V) is realized with a two-level three-phase converter, which
is acting as inverter when power consumption and as active rectifier when power generation
dominates in the LVac grid. For simplicity, this converter is named three phase inverter in
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this work.

The connection between dc-link and the LVdc grid (750V) is realized with a DAB, which
provides the possibility to adapt the voltage as well as galvanic isolation between the ground-
ing schemes of the LVac and LVdc grids. This DAB will be referred to as LVdc grid for the
NIT.

As the graph of the NIT in Fig. 3.1 (b) highlights, power transfer between MVac and LVdc
grid always requires three conversion stages - CHB and DAB of the MVac PEBBs plus the
LVdc DAB.

3.1.2. Interconnected topology

The IT is shown in Fig. 3.2 (a) and its general graph description is presented in Fig. 3.2 (b).

The converters used to build the IT are the same used for the NIT: a CHB for the MVac
connection, DABs on each CHB cell to provide galvanic isolation between MV and LV
grids, a three phase inverter to connect dc-link and LVac grid, and a DAB which provides
galvanic isolation and voltage adaptability between dc-link and LVdc grid. However, the
essential difference between the IT and the NIT is the connection of the DABs of the MVac
PEBBs. While all of the MVac PEBBs are connected in parallel to the dc-link for the NIT, the
MVac PEBBs are subdivided in two groups for the IT. One of these groups with NMB,dc−link

MVac PEBBs in each of the three phases is connected to the dc-link, such as in the NIT. The
other group with NMB,LVdc MVac PEBBs in each of the three phases is connected directly to
the LVdc feeder. Therefore, the combination of all MVac PEBBs builds a dc-multibus (MB)
converter structure for the IT.

The configuration of the IT is described by the split into these two groups via the link ratio ξ ,
which is the number of MVac PEBBs connected to the LVdc feeder in one phase NMB,LVdc

divided by the number of all MVac PEBBs in one phase NMB

ξ =
NMB,LVdc

NMB
. (3.1)

The same configuration for each of the three phases and 15 MVac PEBBs in each phase
(NMB = 15) are assumed in this work. Therefore, there are 14 possible link ratios for the IT
in the range

1
NMB

≤ ξ ≤ NMB −1
NMB

. (3.2)

Choosing ξ = 0 describes the NIT, which is used as benchmark for comparison. The link
ratio ξ = 1 describes another non-interconnected topology, where all MVac PEBBs are con-
nected directly to the LVdc feeder. This second non-interconnected topology is excluded in
this work.
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The DAB between the dc-link and the LVdc feeder builds an interconnection between the
two dc buses created by the dc-multibus converter structure in the IT. Therefore, this DAB
in the IT is referred to as interconnecting DAB in this work.

As the graph of the IT in Fig. 3.2 (b) highlights, power transfer between MVac and LVdc
grids is possible with only two conversion stages - CHB and DAB of the MVac PEBBs
connected directly to the LVdc feeder. This provides the possibility of advanced efficiency
of IT compared to the NIT as well as a reduced power rating of the interconnecting DAB
compared to the LVdc DAB.

Fig. 3.2: (a) Interconnected topology (example for ξ = 1
3 ) and (b) graph representation.
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3.1.3. Method for system efficiency calculation

The method that is used for the calculation of the system efficiency of the ST topologies
contains two main steps:

• Main step 1: Calculation of efficiency curves, which describe the dependency of the
converter efficiency on its output power, for each of the converters.

• Main step 2: Execution of a non-conserved power flow analysis, which means that the
losses of converters are added to the power loading of other converters, via utilization
of the efficiency curves from main step 1.

Fig. 3.3: Modeling method to derive efficiency curves of the converters.
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The substeps to calculate the efficiency curves of the converters in main step 1 are illus-
trated in Fig. 3.3 on the example of a DAB. After selecting the converter topology, the ideal
waveforms of the converter are derived in dependency on the output power of the converter
Pout in the first substep. These ideal waveforms of the converters can be calculated based on
the equations given in Section 2.3. The second substep is the identification of the loading
conditions on the semiconductors during hard switching and of the conducting intervals. Af-
terwards, the semiconductor conduction and switching losses as well as the copper and core
losses of the transformer are calculated in the third substep. These calculations of the losses
are done as explained in Section 2.3. Finally, the converter efficiency can be calculated based
on the output power Pout and the losses of the converter Ploss. An output power depending
efficiency curve of the converter can be received by repeating this procedure for different
output powers of the converter

η(Pout) =
Pout

Pin
=

Pout

Ploss(Pout)+Pout
. (3.3)

The efficiency curves of the different converters that are necessary for the execution of the
non-conserved power flow analysis in main step 2 are shown in the graphs of the NIT and the
IT in Fig. 3.4. The system efficiencies of the NIT and the IT are calculated for all considered

Fig. 3.4: Graph representation with converter efficiency curves and their power direction for (a) the
non-interconnected topology and (b) the interconnected topology.
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combinations of power consumption and generation in LVac and LVdc grid (PLVac and PLVdc).
Depending on which grids provide power input to the system Psys,in and which power output
Psys,out, the efficiency of the converter system can be calculated by

ηsys(PLVac,PLVdc) =
Psys,out

Psys,in
=



PLVac+PLVdc
|PMVac| if PLVac ≥ 0∧PLVdc ≥ 0

PLVdc
|PLVac+PMVac| if PLVac ≤ 0∧PLVdc ≥ 0∧PMVac ≤ 0
PLVdc+PMVac

|PLVac| if PLVac ≤ 0∧PLVdc ≥ 0∧PMVac ≥ 0
PLVac

|PLVdc+PMVac| if PLVac ≥ 0∧PLVdc ≤ 0∧PMVac ≤ 0
PLVac+PMVac

|PLVdc| if PLVac ≥ 0∧PLVdc ≤ 0∧PMVac ≥ 0
PMVac

|PLVac+PLVdc| if PLVac ≤ 0∧PLVdc ≤ 0 .

(3.4)

The active power that is drawn from or fed into the MVac grid PMVac results from the LV
powers and the losses in the converter system, which are considered via the efficiency curves
of the converters. For the NIT, the active power that is drawn from or fed into the MVac grid
PMVac can be calculated by

PMVac =



−
(

PLVac
η3

+
PLVdc

η2

)
η1

if PLVac ≥ 0∧PLVdc ≥ 0
−
(

PLVacη3+
PLVdc

η2

)
η1

if PLVac ≤ 0∧PLVdc ≥ 0∧|PLVacη3| ≤ PLVdc
η2(

|PLVacη3|− PLVdc
η2

)
η1 if PLVac ≤ 0∧PLVdc ≥ 0∧|PLVacη3| ≥ PLVdc

η2

−
(

PLVac
η3

+PLVdcη2

)
η1

if PLVac ≥ 0∧PLVdc ≤ 0∧|PLVdcη2| ≤ PLVac
η3(

|PLVdcη2|− PLVac
η3

)
η1 if PLVac ≥ 0∧PLVdc ≤ 0∧|PLVdcη2| ≥ PLVac

η3

|PLVacη3 +PLVdcη2|η1 if PLVac ≤ 0∧PLVdc ≤ 0 .

(3.5)

For the IT, the calculation of PMVac is more complex than for the NIT, because of the link
ratio configuration ξ that has to be taken into account. Furthermore, additional auxiliary
variables are needed to distinguish the cases of forward and backward power flow through
the interconnecting DAB

Paux,1 =

∣∣∣∣∣ 1
1−ξ

−PLVac
η3

η1

∣∣∣∣∣ , (3.6)

Paux,2 =

∣∣∣∣ 1ξ −PLVdc

η4

∣∣∣∣ , (3.7)

Paux,3 =
1

1−ξ
(−(PLVacη3))η1 , (3.8)

Paux,4 =
1
ξ
(−PLVdc)η4 . (3.9)

The active power that is drawn from or fed into the MVac grid PMVac can be calculated for
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the IT by solving one of following equations depending on the operation point

If PLVac ≥ 0∧PLVdc ≥ 0∧Paux,1 ≥ Paux,2 :

((ξ PMVac)η4 +PLVdc)η2 +((1−ξ )PMVac)η1 +
PLVac

η3
= 0

If PLVac ≥ 0∧PLVdc ≥ 0∧Paux,1 ≤ Paux,2 :

PLVdc −
(
−((1−ξ )PMVac)η1 −

PLVac

η3

)
η2 +(ξ PMVac)η4 = 0

If PLVac ≤ 0∧PLVdc ≥ 0∧|PLVacη3| ≤
PLVdc

η2
:

PLVdc +(ξ PMVac)η4

η2
+PLVacη3 +((1−ξ )PMVac)η1 = 0

If PLVac ≤ 0∧PLVdc ≥ 0∧|PLVacη3| ≥
PLVdc

η2
:

PMVac −
1

1−ξ

|PLVacη3|−
PLVdc +

ξ PMVac
η4

η2

η1 = 0

If PLVac ≥ 0∧PLVdc ≤ 0∧|PLVdcη2| ≤
PLVac

η3
:

(PLVdc +(ξ PMVac)η4)η2 +
PLVac

η3
+((1−ξ )PMVac)η1 = 0

If PLVac ≥ 0∧PLVdc ≤ 0∧|PLVdcη2| ≥
PLVac

η3
:

PMVac −
1
ξ

|PLVdc|+
−
(

PLVac
η3

+ (1−ξ )PMVac
η1

)
η2

η4 = 0

If PLVac ≤ 0∧PLVdc ≤ 0∧Paux,3 ≥ Paux,4 :

PMVac −
1

1−ξ

|PLVacη3|−
PLVdc +

ξ PMVac
η4

η2

η1 = 0

If PLVac ≤ 0∧PLVdc ≤ 0∧Paux,3 ≤ Paux,4 :

PMVac −
1
ξ

|PLVdc|+
−
(

PLVacη3 +
(1−ξ )PMVac

η1

)
η2

η4 = 0 .

(3.10)

A trust-region-dogleg algorithm in Matlab is used to solve these equations. Whenever a
multiplication by an efficiency curve in the calculation of PMVac for NIT or IT takes place, it
must be taken into account that the efficiency curves defined by (3.3) are related to the output
power of the converter. However, when multiplying the efficiency curve, the input power of
the converter is available and its output power is searched for. Therefore, it is necessary to
calculate the output power multiple times - always considering the efficiency value for the
latest output power calculated. This iteration is repeated until a low deviation between the
resulting output power and the output power of the taken efficiency value is reached.
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3.2. Design of converter power rating for hybrid grids-feeding STs

This section deals with the design of the power rating of the converters in the NIT and the IT.
Fig. 3.5 shows the general form of the borders of the possible operation due to the limitations
by the power ratings of the different converters for both topologies and how their combina-
tion leads to the permissible operation areas (marked in yellow). Herein, the borders by the
CHB and the three phase inverter are equal for NIT and IT. However, the borders by the in-
terconnecting DAB of the IT change not only based on the power rating of the converter, but
also with readjusting the configuration of the topology via the link ratio ξ . Choosing higher
link ratios rotates the line of unloaded interconnecting DAB operation (dashed black line in
Fig. 3.5 (b)) around the origin of the coordinate system from the x-axis (LVac power) towards
the y-axis (LVdc power). The borders due to the interconnecting DAB rating rotate as well
and stay parallel to this line of unloaded operation. The NIT does not have a configuration
choice. Therefore, the borders by the LVdc DAB only depend on its power rating.

In this section, the mission profile-based design procedure for determining the power rating
of the converters, the evaluation of the downsizing possibility of the interconnecting DAB
compared to the LVdc DAB and the Monte Carlo-based sensitivity analysis of the derived
converter power ratings against deviations of the considered mission profiles are made con-
sidering the following assumptions:

• Assumption 1: Conserved power flows are considered to facilitate the analysis, which
means that the losses of converters are not added to the loading of other converters
(system input power equal to system output power). Errors due to this simplification
can be handled via the safety margin that should be applied to converter power ratings
after the design procedure.

• Assumption 2: An equal distribution of the MVac active power over all MVac PEBBs
is considered. This equal distribution will be ensured via balancing control schemes
during normal operation. However, if advanced control algorithms like active power

Fig. 3.5: General form of the borders of the possible operation due to converter power limitations for
(a) the NIT and (b) the IT as well as the resulting permissible operation areas (marked in
yellow).
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routing [54] are applied, caution not to overload single PEBBs must be taken when
operating the system close to its maximum rated power.

3.2.1. Mission profile-based converter power rating design

The hybrid mission profile considered for the design of the power ratings of the convert-
ers in NIT and IT consist of a set M of operation points, which are described via 2-tuples
(PLVac PLVdc) of the active LVac power PLVac and the LVdc power PLVdc. This information
of one operation point under the assumptions made is sufficient to determine the loading
(processed active power) of all converters in this operation point. The active power of the
MVac grid PMVac results from the necessity to have the same active input power as active
output power (assumption 1 made for this section). The power ratings of the converters are
derived via calculation of the converter loadings in all operation points and extraction of the
maximum loadings.

The power ratings of converters which result in borders of the operation area parallel to one
of the axes (Fig. 3.5) only depend on one of the profiles PLVac or PLVdc, but are not dependent
on how these profiles are combined to a hybrid mission profile. This is the case for the three
phase inverter as well as the LVdc DAB in the NIT. The power rating of the three phase
inverter Pmax

inv , which is equal for NIT and IT, only depends on the power profile of the LVac
grid

Pmax
inv = Pmax

LVac = max
(PLVac PLVdc)∈M

{
|PLVac|

}
. (3.11)

Further, the power rating of the LVdc DAB Pmax
DAB,NIT in the NIT only depends on the power

profile of the LVdc grid

Pmax
DAB,NIT = Pmax

LVdc = max
(PLVac PLVdc)∈M

{
|PLVdc|

}
. (3.12)

The power rating of the CHB cells as well as of the DABs in series to each CHB cell (both
together forming an MVac PEBB) Pmax

MVac,PEBB depends on the combined hybrid mission pro-
file

Pmax
MVac,PEBB = max

(PLVac PLVdc)∈M

{
|PLVac +PLVdc|

}
1

3NMB
. (3.13)

Deriving the required power rating of a single MVac PEBB considers an equal power dis-
tribution among the 3NMB MVac PEBBs (assumption 2 made for this section). The power
rating of the MVac PEBBs is equal for NIT and IT, because it depends only on the total
output power of the system.

The active power flowing through the interconnecting DAB PDAB,IT in the IT changes not
only based on the operation points of the hybrid mission profile, but is also dependent on the
configuration of the IT described by the link ratio ξ introduced in Section 3.1. All power
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Fig. 3.6: Graph representation of the IT with power flows to derive interconnecting DAB loading.

flows in the IT can be seen in Fig. 3.6, where the positive direction of the power flows is
always defined as flowing out of the converter system. According to assumption 1 made for
this section, the sum of the active MVac, LVac and LVdc power results in

PMVac +PLVac +PLVdc = 0 . (3.14)

Further, the sum of the part of the MVac power exchanged with the LVdc feeder, which is
defined by the link ratio, the power consumed by the LVdc grid and the power flowing from
dc-link to the LVdc feeder needs to be

ξ PMVac +PLVdc −PDAB,IT = 0 . (3.15)

Inserting (3.14) into (3.15) gives

ξ (−PLVac −PLVdc)+PLVdc −PDAB,IT = 0 . (3.16)

By rearranging (3.16) the power flow through the interconnecting DAB can be expressed
as

PDAB,IT = (1−ξ )PLVdc −ξ PLVac . (3.17)

The power rating of the interconnecting DAB Pmax
DAB,IT(ξ ) for each link ratio depending on

the hybrid mission profile is

Pmax
DAB,IT(ξ ) = max

(PLVac PLVdc)∈M


∣∣∣∣(1−ξ )PLVdc −ξ PLVac

∣∣∣∣
 . (3.18)

After deriving the power ratings for the converters a safety margin should be added to coun-
teract deviations of the real profiles from the considered hybrid mission profile and compen-
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sating errors by the simplification of considering conserved power flows (assumption 1 made
for this section).

3.2.2. Downsizing opportunity of interconnecting dual active bridge

The dependency of the interconnecting DAB power rating on the configuration of the IT in
(3.18) provides the possibility of a downsizing compared to the LVdc DAB power rating in
the NIT (3.12). A link ratio for optimal downsizing of the interconnecting DAB power rating
can be found for each hybrid mission profile considered.

The downsizing potential for all combinations of LVac and LVdc profiles shown in Fig. 3.7 is
examined. The considered load profiles for the LVac grid are from the German Association
of Energy and Water Industries [55]. They give the standard power consumption for different
consumer groups with 15 minutes resolution.

• The G0 standard profile represents the power consumption of general commercial
loads.

• The G6 standard profile represents the power consumption of companies with high
consumption on weekends, such as restaurants.

• The H0 standard profile represents the power consumption of private households.

All profiles are divided by the maximum power consumption within each of the standard
profiles to have scalable profiles in per unit system. A factor of 0.64 is applied to all ac
profiles (Fig. 3.7 (b)). The considered load profiles for the LVdc grid are derived via linear
superposition of a PV power generation profile [56] and a power consumption profile of an
EV charging station [57] (Fig. 3.7 (a)).

Fig. 3.7: Considered load profiles for (a) the LVdc grid and (b) the LVac grid.
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• Use case 1 considers power consumption via EV charging stations and medium in-
tegration of PV generation (peak PV power generation is 33% of peak EV charging
power consumption). The maximum of the superimposed profile is scaled to 0.8 p.u..

• Use case 2 considers mainly power consumption via EV charging stations and minor
integration of PV generation (maximum of PV power generation is 2% of maximum
EV charging power consumption). The maximum of the superimposed profile is scaled
to 0.6 p.u..

• Use case 3 considers a constant base load of 0.4 p.u. and additional EV charging
consumption and PV generation with a peak of 0.1 p.u. each.

Besides the power rating derivation for the LVdc DAB and the interconnecting DAB via
(3.12) and (3.18), these power ratings can also be graphically derived or graphically repre-
sented for the purpose of comparison. For the LVdc DAB in the NIT, the line of operation
points where the LVdc DAB loading is zero is on the x-axis (dashed yellow line in Fig. 3.8).
The loading for specific operation points can be derived or represented by vectors parallel
to the y-axis (PLVdc-axis). Herein, the length of the vector can be directly converted to the
LVdc DAB power loading with the scaling of the PLVdc-axis.

However, if the needed converter power rating of the IT is derived or represented graphically,
a distortion of the graphical length of vectors describing the interconnecting DAB loading
(green vector in Fig. 3.8) must be considered. The rotation of the line of operation points
with zero interconnecting DAB loading (dashed green line in Fig. 3.8) around the origin of
the coordinate system can be described via the link ratio ξ

ϕ1−ξ = arctan
(

1−ξ

ξ

)
. (3.19)

For the operation point shown in Fig. 3.8 with zero active LVac power, the length of the

Fig. 3.8: Graphical derivation of LVdc DAB (PDAB,NIT) and interconnecting DAB (PDAB,IT) loading.
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Fig. 3.9: Distortion γ between graphical and analytical derived interconnecting DAB loading depen-
dent on ξ .

graphical interconnecting DAB loading vector, which is orthogonal to the line of operation
points with zero interconnecting DAB loading, can be calculated with the LVdc power of
this operation point PLVdc,1 and the angle from (3.19)

Pgraphic
DAB,IT = PLVdc,1sin

(
ϕ1−ξ

)
. (3.20)

The interconnecting DAB loading of this operation point with zero active LVac power ac-
cording to (3.17) is

PDAB,IT = (1−ξ )PLVdc,1

∣∣∣
PLVac=0

. (3.21)

Inserting (3.19) and (3.21) into (3.20) provides

Pgraphic
DAB,IT = PDAB,IT

sin
(

arctan
(

1−ξ

ξ

))
1−ξ

=
PDAB,IT√

ξ 2 +(1−ξ )2
. (3.22)

The simplification of the trigonometric functions can be made according to [58]

sin(α) =
tan(α)√

1+ tan(α)2
. (3.23)

Considering the distortion factor γ of the graphical representation in the PLVac-PLVdc-plane
the interconnecting DAB power rating can be determined or represented graphically

Pmax,graphic
DAB,IT =

Pmax
DAB,IT√

ξ 2 +(1−ξ )2
=

Pmax
DAB,IT

γ
. (3.24)

The values of the distortion factor γ for all considered configurations of the link ratio ξ are
shown in Fig. 3.9. The graphical representation of the interconnecting DAB loading seems
always bigger than it analytically is and this effect gets stronger moving towards an equal
distribution of MVac PEBBs to the LVdc feeder and to the dc-link.
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All combinations of the LVac power profiles with the LVdc profiles to hybrid mission profiles
are evaluated concerning the downsizing possibility of the interconnecting DAB compared
to the LVdc DAB. For this purpose, the graphical representation of the LVdc DAB sizing
and of the interconnecting DAB sizing with link ratio for optimal downsizing together with
the possibility of downsizing for all considered link ratios are shown for the combination of

Fig. 3.10: Graphical determination of (a) LVdc DAB and (c) interconnecting DAB power rating (ξ =
7

15 ) and (b) possibility of downsizing depending on the link ratio for G0 LVac and Use case
1 LVdc profiles.

Fig. 3.11: Graphical determination of (a) LVdc DAB and (c) interconnecting DAB power rating (ξ =
7

15 ) and (b) possibility of downsizing depending on the link ratio for G0 LVac and Use case
2 LVdc profiles.

Fig. 3.12: Graphical determination of (a) LVdc DAB and (c) interconnecting DAB power rating (ξ =
7

15 ) and (b) possibility of downsizing depending on the link ratio for G0 LVac and Use case
3 LVdc profiles.
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G0 LVac and Use case 1 LVdc profiles in Fig. 3.10, the combination of G0 LVac and Use
case 2 LVdc profiles in Fig. 3.11, the combination of G0 LVac and Use case 3 LVdc profiles
in Fig. 3.12, the combination of G6 LVac and Use case 1 LVdc profiles in Fig. 3.13, the
combination of G6 LVac and Use case 2 LVdc profiles in Fig. 3.14, the combination of G6
LVac and Use case 3 LVdc profiles in Fig. 3.15, the combination of H0 LVac and Use case

Fig. 3.13: Graphical determination of (a) LVdc DAB and (c) interconnecting DAB power rating (ξ =
7

15 ) and (b) possibility of downsizing depending on the link ratio for G6 LVac and Use case
1 LVdc profiles.

Fig. 3.14: Graphical determination of (a) LVdc DAB and (c) interconnecting DAB power rating (ξ =
7

15 ) and (b) possibility of downsizing depending on the link ratio for G6 LVac and Use case
2 LVdc profiles.

Fig. 3.15: Graphical determination of (a) LVdc DAB and (c) interconnecting DAB power rating (ξ =
8

15 ) and (b) possibility of downsizing depending on the link ratio for G6 LVac and Use case
3 LVdc profiles.
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1 LVdc profiles in Fig. 3.16, the combination of H0 LVac and Use case 2 LVdc profiles in
Fig. 3.17, and the combination of H0 LVac and Use case 3 LVdc profiles in Fig. 3.18. For
all considered hybrid mission profiles, a significant downsizing can be achieved by using the
IT with appropriate link ratios. A downsizing of the interconnecting DAB power rating to
values between 31% (H0 LVac and Use case 2 LVdc) and 39% (G0 LVac and Use case 1

Fig. 3.16: Graphical determination of (a) LVdc DAB and (c) interconnecting DAB power rating (ξ =
7

15 ) and (b) possibility of downsizing depending on the link ratio for H0 LVac and Use case
1 LVdc profiles.

Fig. 3.17: Graphical determination of (a) LVdc DAB and (c) interconnecting DAB power rating (ξ =
6

15 ) and (b) possibility of downsizing depending on the link ratio for H0 LVac and Use case
2 LVdc profiles.

Fig. 3.18: Graphical determination of (a) LVdc DAB and (c) interconnecting DAB power rating (ξ =
7

15 ) and (b) possibility of downsizing depending on the link ratio for H0 LVac and Use case
3 LVdc profiles.
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LVdc) of the LVdc DAB power rating can be realized by choosing the optimal link ratio.
However, choosing high values of the link ratio for the hybrid mission profiles - where Use
case 3 is used as LVdc power profile - can lead to interconnecting DAB power ratings higher
than the LVdc DAB power rating. Therefore, the knowledge of the hybrid mission profile is
critical for choosing the optimal configuration of the link ratio in the IT in order to use the
opportunity of downsizing.

3.2.3. Sensitivity of converter sizing against mission profile deviations

The applicability of the mission profile-based design procedure of the converter power rat-
ings depends on the accurate knowledge of the hybrid mission profile. To handle uncertain-
ties of the hybrid mission profile, the knowledge about the sensitivity of the converter sizing
against deviation of the real hybrid mission profile from the one considered during the design
is essential.

The power ratings of the converters, which only depend on one of the LV power profiles
(PLVac xor PLVdc), are sensitive against deviations of this LV power profile and are indepen-
dent of the other LV power profile. The required three phase inverter power rating (3.11)
changes with the same percentage as the deviations of PLVac and is independent of deviations
of PLVdc. The required LVdc DAB power rating (3.12) changes with the same percentage as
the deviations of PLVdc and is independent of deviations of PLVac.

The power ratings of the MVac PEBBs (3.13) as well as of the interconnecting DAB (3.18)
depend on both LV profiles. In order to investigate the sensitivity of these power ratings

Fig. 3.19: Normal distribution with expected value of zero and three times the standard variation
equal to 15% for the Monte Carlo-based analysis of the power rating sensitivity.
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towards deviations of the operation points from the assumed hybrid mission profile, a Monte
Carlo-based method with dynamic parameters is utilized [59]. In this Monte Carlo-based
method, deviations for the LVac as well as the LVdc powers are inserted for each single
operation point. The deviations from the assumed powers are chosen randomly based on the
normal distribution shown in Fig. 3.19. The resulting power ratings for the mission profiles
with deviations - calculated with (3.13) and (3.18) - are one sample of the Monte Carlo-based
method. For the sensitivity analysis of the converter power rating towards deviations of the
assumed mission profiles, 10000 samples are considered and the distributions of resulting
power ratings are evaluated for each combination of the LVac and LVdc mission profiles
from Fig. 3.7.

The probability distribution as well as the cumulative distribution of the of resulting MVac
PEBB power ratings relative to the deviation-less designed rating Pmax

MVac,PEBB,designed are
shown in Fig. 3.20 for the combination of G0 LVac and Use case 1 LVdc profiles, in Fig. 3.21
for the combination of G0 LVac and Use case 2 LVdc profiles, in Fig. 3.22 for the combina-
tion of G0 LVac and Use case 3 LVdc profiles, in Fig. 3.23 for the combination of G6 LVac
and Use case 1 LVdc profiles, in Fig. 3.24 for the combination of G6 LVac and Use case 2
LVdc profiles, in Fig. 3.25 for the combination of G6 LVac and Use case 3 LVdc profiles, in
Fig. 3.26 for the combination of H0 LVac and Use case 1 LVdc profiles, in Fig. 3.27 for the
combination of H0 LVac and Use case 2 LVdc profiles, and in Fig. 3.28 for the combination
of H0 LVac and Use case 3 LVdc profiles.

Fig. 3.20: (a) Probability distribution and (b) cumulative distribution of resulting MVac PEBB power
ratings relative to the deviation-less designed rating Pmax

MVac,PEBB,designed for the combination
of G0 LVac and Use case 1 LVdc profiles.
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Fig. 3.21: (a) Probability distribution and (b) cumulative distribution of resulting MVac PEBB power
ratings relative to the deviation-less designed rating Pmax

MVac,PEBB,designed for the combination
of G0 LVac and Use case 2 LVdc profiles.

Fig. 3.22: (a) Probability distribution and (b) cumulative distribution of resulting MVac PEBB power
ratings relative to the deviation-less designed rating Pmax

MVac,PEBB,designed for the combination
of G0 LVac and Use case 3 LVdc profiles.
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Fig. 3.23: (a) Probability distribution and (b) cumulative distribution of resulting MVac PEBB power
ratings relative to the deviation-less designed rating Pmax

MVac,PEBB,designed for the combination
of G6 LVac and Use case 1 LVdc profiles.

Fig. 3.24: (a) Probability distribution and (b) cumulative distribution of resulting MVac PEBB power
ratings relative to the deviation-less designed rating Pmax

MVac,PEBB,designed for the combination
of G6 LVac and Use case 2 LVdc profiles.
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Fig. 3.25: (a) Probability distribution and (b) cumulative distribution of resulting MVac PEBB power
ratings relative to the deviation-less designed rating Pmax

MVac,PEBB,designed for the combination
of G6 LVac and Use case 3 LVdc profiles.

Fig. 3.26: (a) Probability distribution and (b) cumulative distribution of resulting MVac PEBB power
ratings relative to the deviation-less designed rating Pmax

MVac,PEBB,designed for the combination
of H0 LVac and Use case 1 LVdc profiles.
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Fig. 3.27: (a) Probability distribution and (b) cumulative distribution of resulting MVac PEBB power
ratings relative to the deviation-less designed rating Pmax

MVac,PEBB,designed for the combination
of H0 LVac and Use case 2 LVdc profiles.

Fig. 3.28: (a) Probability distribution and (b) cumulative distribution of resulting MVac PEBB power
ratings relative to the deviation-less designed rating Pmax

MVac,PEBB,designed for the combination
of H0 LVac and Use case 3 LVdc profiles.



3. Efficiency optimization and design of hybrid grids-feeding STs 54

The required increase of the MVac PEBB power rating to cover 95% of the samples from the
Monte Carlo-based method is between 7.4% - Fig. 3.23 (b), Fig. 3.24 (b), and Fig. 3.27 (b)
- and 10.1% - Fig. 3.22 (b) - for the considered operation point tolerance of 15%. Herein,
the coverage of 95% of the samples can be taken as orientation for the rating design and the
remaining samples can be covered via a safety margin.

The probability distributions of the of resulting interconnecting DAB power ratings relative
to the deviation-less designed rating Pmax

DAB,IT,designed with and without possibility of link ra-
tio reconfiguration are shown in Fig. 3.29 for the combination of G0 LVac and Use case 1
LVdc profiles, in Fig. 3.31 for the combination of G0 LVac and Use case 2 LVdc profiles,
in Fig. 3.33 for the combination of G0 LVac and Use case 3 LVdc profiles, in Fig. 3.35 for
the combination of G6 LVac and Use case 1 LVdc profiles, in Fig. 3.37 for the combination
of G6 LVac and Use case 2 LVdc profiles, in Fig. 3.39 for the combination of G6 LVac and
Use case 3 LVdc profiles, in Fig. 3.41 for the combination of H0 LVac and Use case 1 LVdc
profiles, in Fig. 3.43 for the combination of H0 LVac and Use case 2 LVdc profiles, and in
Fig. 3.45 for the combination of H0 LVac and Use case 3 LVdc profiles. The cumulative dis-
tributions of the of resulting interconnecting DAB power ratings relative to the deviation-less
designed rating Pmax

DAB,IT,designed with and without possibility of link ratio reconfiguration are
shown in Fig. 3.30 for the combination of G0 LVac and Use case 1 LVdc profiles, in Fig. 3.32
for the combination of G0 LVac and Use case 2 LVdc profiles, in Fig. 3.34 for the combina-
tion of G0 LVac and Use case 3 LVdc profiles, in Fig. 3.36 for the combination of G6 LVac
and Use case 1 LVdc profiles, in Fig. 3.38 for the combination of G6 LVac and Use case 2
LVdc profiles, in Fig. 3.40 for the combination of G6 LVac and Use case 3 LVdc profiles, in
Fig. 3.42 for the combination of H0 LVac and Use case 1 LVdc profiles, in Fig. 3.44 for the
combination of H0 LVac and Use case 2 LVdc profiles, and in Fig. 3.46 for the combination
of H0 LVac and Use case 3 LVdc profiles.

The required increase of the interconnecting DAB power rating to cover 95% of the sam-
ples from the Monte Carlo-based method is between 10.7% - Fig. 3.42 (a) - and 26.5% -
Fig. 3.36 (a) - without the possibility of reconfiguration of the link ratio in the application.
Implementing the possibility of reconfiguration of the link ratio in the application can reduce
the required power rating increase from 19.7% to 17.5% for the combination of G0 LVac
and Use case 1 LVdc profiles (Fig. 3.30), from 21.7% to 17.5% for the combination of G6
LVac and Use case 3 LVdc profiles (Fig. 3.40), from 26.5% to 18.4% for the combination
of H0 LVac and Use case 2 LVdc profiles (Fig. 3.44), and from 22.0% to 20.5% for the
combination of H0 LVac and Use case 3 LVdc profiles (Fig. 3.46).
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Fig. 3.29: Probability distribution of resulting interconnecting DAB power ratings relative to the
deviation-less designed rating Pmax

DAB,IT,designed (a) without and (b) with possibility of link
ratio reconfiguration in the IT for the combination of G0 LVac and Use case 1 LVdc pro-
files.

Fig. 3.30: Cumulative distribution of resulting interconnecting DAB power ratings relative to the
deviation-less designed rating Pmax

DAB,IT,designed (a) without and (b) with possibility of link
ratio reconfiguration in the IT for the combination of G0 LVac and Use case 1 LVdc pro-
files.
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Fig. 3.31: Probability distribution of resulting interconnecting DAB power ratings relative to the
deviation-less designed rating Pmax

DAB,IT,designed (a) without and (b) with possibility of link
ratio reconfiguration in the IT for the combination of G0 LVac and Use case 2 LVdc pro-
files.

Fig. 3.32: Cumulative distribution of resulting interconnecting DAB power ratings relative to the
deviation-less designed rating Pmax

DAB,IT,designed (a) without and (b) with possibility of link
ratio reconfiguration in the IT for the combination of G0 LVac and Use case 2 LVdc pro-
files.
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Fig. 3.33: Probability distribution of resulting interconnecting DAB power ratings relative to the
deviation-less designed rating Pmax

DAB,IT,designed (a) without and (b) with possibility of link
ratio reconfiguration in the IT for the combination of G0 LVac and Use case 3 LVdc pro-
files.

Fig. 3.34: Cumulative distribution of resulting interconnecting DAB power ratings relative to the
deviation-less designed rating Pmax

DAB,IT,designed (a) without and (b) with possibility of link
ratio reconfiguration in the IT for the combination of G0 LVac and Use case 3 LVdc pro-
files.
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Fig. 3.35: Probability distribution of resulting interconnecting DAB power ratings relative to the
deviation-less designed rating Pmax

DAB,IT,designed (a) without and (b) with possibility of link
ratio reconfiguration in the IT for the combination of G6 LVac and Use case 1 LVdc pro-
files.

Fig. 3.36: Cumulative distribution of resulting interconnecting DAB power ratings relative to the
deviation-less designed rating Pmax

DAB,IT,designed (a) without and (b) with possibility of link
ratio reconfiguration in the IT for the combination of G6 LVac and Use case 1 LVdc pro-
files.
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Fig. 3.37: Probability distribution of resulting interconnecting DAB power ratings relative to the
deviation-less designed rating Pmax

DAB,IT,designed (a) without and (b) with possibility of link
ratio reconfiguration in the IT for the combination of G6 LVac and Use case 2 LVdc pro-
files.

Fig. 3.38: Cumulative distribution of resulting interconnecting DAB power ratings relative to the
deviation-less designed rating Pmax

DAB,IT,designed (a) without and (b) with possibility of link
ratio reconfiguration in the IT for the combination of G6 LVac and Use case 2 LVdc pro-
files.
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Fig. 3.39: Probability distribution of resulting interconnecting DAB power ratings relative to the
deviation-less designed rating Pmax

DAB,IT,designed (a) without and (b) with possibility of link
ratio reconfiguration in the IT for the combination of G6 LVac and Use case 3 LVdc pro-
files.

Fig. 3.40: Cumulative distribution of resulting interconnecting DAB power ratings relative to the
deviation-less designed rating Pmax

DAB,IT,designed (a) without and (b) with possibility of link
ratio reconfiguration in the IT for the combination of G6 LVac and Use case 3 LVdc pro-
files.
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Fig. 3.41: Probability distribution of resulting interconnecting DAB power ratings relative to the
deviation-less designed rating Pmax

DAB,IT,designed (a) without and (b) with possibility of link
ratio reconfiguration in the IT for the combination of H0 LVac and Use case 1 LVdc pro-
files.

Fig. 3.42: Cumulative distribution of resulting interconnecting DAB power ratings relative to the
deviation-less designed rating Pmax

DAB,IT,designed (a) without and (b) with possibility of link
ratio reconfiguration in the IT for the combination of H0 LVac and Use case 1 LVdc pro-
files.
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Fig. 3.43: Probability distribution of resulting interconnecting DAB power ratings relative to the
deviation-less designed rating Pmax

DAB,IT,designed (a) without and (b) with possibility of link
ratio reconfiguration in the IT for the combination of H0 LVac and Use case 2 LVdc pro-
files.

Fig. 3.44: Cumulative distribution of resulting interconnecting DAB power ratings relative to the
deviation-less designed rating Pmax

DAB,IT,designed (a) without and (b) with possibility of link
ratio reconfiguration in the IT for the combination of H0 LVac and Use case 2 LVdc pro-
files.
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Fig. 3.45: Probability distribution of resulting interconnecting DAB power ratings relative to the
deviation-less designed rating Pmax

DAB,IT,designed (a) without and (b) with possibility of link
ratio reconfiguration in the IT for the combination of H0 LVac and Use case 3 LVdc pro-
files.

Fig. 3.46: Cumulative distribution of resulting interconnecting DAB power ratings relative to the
deviation-less designed rating Pmax

DAB,IT,designed (a) without and (b) with possibility of link
ratio reconfiguration in the IT for the combination of H0 LVac and Use case 3 LVdc pro-
files.
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The presented Monte Carlo-based sensitivity analysis of the converter power rating against
deviations of the assumed hybrid mission profile reveals that:

• The impact of the uncertain knowledge of the hybrid mission profile has to be consid-
ered for the mission profile-based design of the converter power ratings.

• Implementing the possibility of reconfiguration of the link ratio in the application can
significantly reduce the impact of the hybrid mission profile uncertainty on the required
sizing of the interconnecting DAB for some of the hybrid mission profiles.

3.3. Passive power routing for efficiency by design

This section investigates the impact of the link ratio choice in the IT on the system effi-
ciency. The power flows through the IT can be redirected by adjusting the link ratio con-
figuration. Redirecting the power flows impacts the losses highlighted in Fig. 3.47. The
sum of the losses of all MVac PEBBs will change insignificantly by choosing another link
ratio, if non-conserved power flows (Section 3.1.3) are considered. Therefore, the main
change is the distribution in losses of MVac PEBBs connected to the dc-link Ploss,PEBB,1−ξ

and those connected to the LVdc feeder Ploss,PEBB,ξ . However, the losses of the intercon-
necting DAB Ploss,interDAB change significantly by choosing another link ratio, because the
power processed by it depends on ξ (3.17), which was also exploited for the downsizing in
Section 3.7. Therefore, the efficiency of a specific operation point (PLVac PLVdc) is optimal
for the link ratio which evokes the lowest power flow through the interconnecting DAB.

In this section, the analysis of the efficiency influence of the link ratio choice and the evalu-
ation of the link ratio choice approaches for optimal system efficiency are made considering
following assumptions:

• Assumption 1: The modeling method with non-conserved power flows described in
Section 3.1.3 is used to calculate the efficiencies. The maximum power rating of the

Fig. 3.47: Sankey diagram of the power flows in the IT highlighting which losses are influenced by
choosing the link ratio ξ .
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Table 3.1: Considered converter power ratings and power semiconductor modules for the efficiency
optimization of the IT.

Converter Power rating Semiconductor module
CHB cell 20kW FP40R12KE3

DAB connected to CHB 20kW FP25R12KE3
All MVac PEBBs 900kW -

Interconnecting/LVdc DAB 800kW FZ800R12KE3
Three phase inverter 800kW FF900R12IP4

different converters and the power semiconductor modules considered are listed in Ta-
ble 3.1. The power rating design is not adjusted to the mission profiles and the down-
sizing possibility of the interconnecting DAB is omitted in order to evaluate solely the
impact of the reconfiguration on the efficiency. 500kW are considered as 1 p.u. in this
section.

• Assumption 2: An equal distribution of the MVac active power over all MVac PEBBs
is considered. This equal distribution will be ensured via balancing control schemes
during normal operation. Advanced control algorithms like active power routing [54]
provide the possibility of further efficiency improvements in the IT and will be dis-
cussed in Section 5.2.

Afterwards, a laboratory validation of the influence of the link ratio on the efficiency of the
IT is shown.

3.3.1. Efficiency influence of link ratio choice

The influence of the reconfiguration of the link ratio in the IT on the system efficiency can
be seen in Fig. 3.48 for all considered link ratios of the IT as well as the system efficiency of
the NIT. The system efficiency of the NIT (Fig. 3.48 (a)) has two peaks, one in quadrant two
(PLVac < 0 and PLVdc > 0) and the other in quadrant four (PLVac > 0 and PLVdc < 0). These
peaks are near the operation points where the power generation in one LV grid is equal to
the power consumption in the other LV grid. In this case the power only flows through the
three phase inverter and the LVdc DAB. However, the shape of the efficiency peaks is shifted
towards lower values of LVdc generation or consumption, because the LVdc DAB is less
efficient than the three phase LVac inverter.

The efficiencies of the IT configurations have additional peaks in quadrant one (PLVac > 0
and PLVdc > 0) and three (PLVac < 0 and PLVdc < 0) compared to the NIT. These efficiency
peaks are located around the lines of operation points with unloaded interconnecting DAB,
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which is approximately the case when the relation of the LV powers is

PLVac

PLVdc
=

NMB,LVac

NMB,LVdc
=

1−ξ

ξ
. (3.25)

The operation points where the interconnecting DAB power is exactly zero have higher
PLVdc compared to (3.25) due to the three phase LVac inverter and the consideration of non-
conserved power flows (assumption 1 made for this section). By selecting the link ratio, the
location of the efficiency peaks in quadrant one and three can be determined. However, the
location of the efficiency peaks in quadrant two and four are also influenced by changing
the link ratio. The higher the selected link ratio, the more these efficiency peaks are shifted
towards operation points with higher |PLVdc| than |PLVac|.

Each operation point has a specific link ratio, which provides maximum efficiency. The op-
eration areas in which the different link ratios provide maximum efficiency for the operation
points are presented in Fig. 3.49. In quadrants one and three these operation areas are lo-
cated around the operation points with unloaded interconnecting DAB of the specific link
ratios. Whereas in quadrants two and four, the highest considered link ratio ξ = 14

15 or the
NIT are optimal. Therefore, the potential for optimization of the system efficiency is limited
in quadrants two and four. Furthermore, reverse power flow from the LV grids to the MVac
grid should be limited [60], which is the case in quadrant three. Due to these reasons the fol-
lowing system efficiency optimization via the link ratio choice is investigated for quadrant
one, where both LV grids consume power.

The efficiency areas in the PLVac-PLVdc plane can be reduced to two dimensions by describing
only the operation points with a cumulative output power of 1p.u., which are highlighted in
Fig. 3.49. Hereby, comparing the efficiencies of the different link ratios is facilitated, as
shown in Fig. 3.50. The efficiency curve of each link ratio has a peak at approximately the
ratio of LV powers given in (3.25). At this efficiency peak and around it the specific link
ratio is the optimal choice. As PLVac increases and PLVdc decreases, the efficiency peaks of
the optimal link ratios reduce. This is due to the losses of the three phase LVac inverter that
increase with PLVac.

3.3.2. Link ratio choice approaches for optimal system efficiency

The significant efficiency influence of the link ratio selection in the IT combined with the re-
sulting optimal operation areas for the different link ratios (Fig. 3.49) provide the possibility
of optimizing the system efficiency for considered hybrid mission profiles. For this purpose,
two approaches to select the optimal link ratio for maximum efficiency are proposed, which
are tested on the hybrid mission profiles presented in Fig. 3.7.
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Fig. 3.48: Efficiency of (a) the NIT and the IT with different configurations (a) ξ = 1
15 , (b) ξ = 2

15 ,
(c) ξ = 3

15 , (d) ξ = 4
15 , (e) ξ = 5

15 , (f) ξ = 6
15 , (g) ξ = 7

15 , (h) ξ = 8
15 , (i) ξ = 9

15 , (j) ξ = 10
15 ,

(k) ξ = 11
15 , (l) ξ = 12

15 , (m) ξ = 13
15 , and (n) ξ = 14

15 , the operation points with approximately
unloaded interconnecting/LVdc DAB are highlighted as red lines.
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Fig. 3.49: Operation areas of optimal link ratios ξopt for maximum system efficiency and a red line
highlighting the operation points with 1p.u. cumulative output power.

Fig. 3.50: Efficiencies of the different link ratios on operation points with 1p.u. cumulative output
power.

The first approach is based on the Average Weighted system Efficiency (AWE), which con-
siders the efficiency ηsys(ξ ,PLVac,PLVdc) at each operation point (PLVac PLVdc) ∈ M for the
considered hybrid mission profile and weights it with the total output power at this operation
point

η̄sys(ξ ) =

∑
(PLVac PLVdc)∈M

PLVdc +PLVac

∑
(PLVac PLVdc)∈M

PLVdc+PLVac
ηsys(ξ ,PLVac,PLVdc)

. (3.26)

The calculation of (3.26) is executed for all considered link ratios and the link ratio with the
highest AWE is chosen, exemplarily shown for the combination of G0 LVac and Use case 2
LVdc power profiles in Fig. 3.51 (a). This requires the efficiency curve modeling of all con-
verters and the execution of the non-conserved power flow analysis described in Section 3.1.3
for each operation point and link ratio. The AWE approach requires significant modeling and
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Fig. 3.51: Determination of the link ratio for optimal efficiency via (a) Average Weighted system
Efficiency (AWE) approach and (b) Center of Mission profile (CoM) approach for the
combination of G0 LVac and Use case 2 LVdc power profiles, CoM marked as red cross
and unloaded interconnecting DAB operation as red line.

calculation effort, but always provides the link ratio which enables the minimum losses over
all operation points of the hybrid mission profile according to the considered modeling.

The second approach is based on the Center of the Mission profile (CoM), which can be
calculated by weighting each operation point with its total output power

[
PLVac,CoM

PLVdc,CoM

]
=

∑
(PLVac PLVdc)∈M

(PLVdc +PLVac)

[
PLVac

PLVdc

]
∑

(PLVac PLVdc)∈M
PLVdc +PLVac

. (3.27)

Afterwards, the link ratio whose optimal operation area is covering the location of the CoM
is chosen, exemplarily shown for the combination of G0 LVac and Use case 2 LVdc power
profiles in Fig. 3.51 (b). The optimal operation areas shown in Fig. 3.49 can be approximated
via assigning equally distributed angular sectors around the lines of unloaded interconnecting
DAB operation according to (3.25) for each link ratio. The CoM approach requires only
the knowledge of the hybrid mission profile, no modeling of the converter efficiencies is
necessary. However, the link ratio chosen by the CoM approach can differ from the optimal
link ratio found by the AWE approach, therefore, the efficiency optimization potential of the
IT might be not fully exploited.

The resulting link ratios for both approaches as well as the average weighted system efficien-
cies, according to (3.26), realized via these link ratios are presented in Table 3.2. The CoM
approach indicates the same link ratios as the AWE approach for most of the hybrid mission
profiles. Only for the combinations of G0 LVac with Use case 3 LVdc and H0 LVac with Use
case 1 LVdc power profiles, the resulting link ratios of the two approaches differ. However,
the link ratios identified by the CoM approach ξCoM are directly next to those identified by
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Table 3.3: Comparison of average weighted system efficiencies of the IT (link ratio design via AWE
approach) and of the NIT (ξ = 0) for all combinations of LVac and LVdc power profiles.

η̄sys(ξAWE) LVac
η̄sys(ξ = 0) G0 G6 H0

LV
dc

Use case 1 94.95% 95.17% 95.09%

94.14% 94.00% 94.11%

Use case 2 95.13% 95.34% 95.25%

94.24% 94.13% 94.24%

Use case 3 95.32% 95.43% 95.42%

94.12% 94.05% 94.13%

the AWE approach ξAWE. Therefore, the differences in the average weighted system effi-
ciency are only 0.0083∆% (G0 LVac with Use case 3 LVdc power profiles) and 0.0165∆%
(H0 LVac with Use case 1 LVdc power profiles).

The comparison of the average weighted system efficiencies achieved with the link ratio de-
sign via the AWE approach for the IT with those of the NIT (ξ = 0) is given in Table 3.3.
The improvement of the average weighted system efficiency by using the optimal config-
uration of the IT instead of the NIT is between 0.81∆% (G0 LVac and Use case 1 LVdc
power profiles) and 1.37∆% (G6 LVac and Use case 3 LVdc power profiles). This results in
a reduction of the total system losses between 13.84% and 23.10%. The average efficiency
improvement is 1.1∆% and the average reduction of losses is 18.77% among all considered
hybrid mission profiles.

3.3.3. Laboratory validation of link ratio efficiency influence

The influence of the link ratio selection on the system efficiency is validated on a small
scale laboratory prototype (Fig. 3.52), which contains three DABs and the equipment listed
in Table 3.4. One DAB acts as the interconnecting converter of the IT and the other two

Table 3.2: Resulting link ratios and average weighted system efficiencies for (a) the AWE approach
and (b) the CoM approach for all combinations of LVac and LVdc power profiles, devia-
tions of the CoM approach from the AWE approach results are highlighted.

(a) (b)
ξAWE LVac

η̄sys(ξAWE) G0 G6 H0

LV
dc

Use case 1 8/15 9/15 9/15

94.95% 95.17% 95.09%

Use case 2 7/15 8/15 7/15

95.13% 95.34% 95.25%

Use case 3 9/15 9/15 8/15

95.32% 95.43% 95.42%

ξCoM LVac
η̄sys(ξCoM) G0 G6 H0

LV
dc

Use case 1 8/15 9/15 8/15

94.95% 95.17% 95.07%

Use case 2 7/15 8/15 7/15

95.13% 95.34% 95.25%

Use case 3 8/15 9/15 8/15

95.31% 95.43% 95.42%
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represent the DABs of two MVac PEBBs. The scheme of the DAB laboratory setup in
Fig. 3.53 shows how the DABs, loads, and sources are connected. The CHB and the three
phase LVac inverter are not included in the laboratory setup, because their impact on the
system efficiency is irrelevant for the conducted validation. The interconnecting DAB losses
and the link ratio configuration are the main contributors for the changing system efficiency.
The dc voltage sources provide the input voltages of the MVac PEBBs Vs1 and Vs2, while the
current sources are used to emulate a higher number of MVac PEBBs. The power analyzers
measure the load powers, input and output powers of DAB 1 and 2 as well as the powers
provided by the current sources. The values of the voltages, capacitors and DAB related

Fig. 3.52: Dual active bridge laboratory setup and equipment.



3. Efficiency optimization and design of hybrid grids-feeding STs 72

Table 3.4: Equipment used for the DAB laboratory setup.

Equipment Manufacturer Model
dc voltage source 1 Elektro Automatik EA-PSI 81000-30
dc voltage source 2 Elektro Automatik EA-PS 91000-30
dc current source 1 Elektro Automatik EA-PS 91000-30
dc current source 2 Elektro Automatik EA-PSI 91500-30

Digital signal processor Texas Instruments TMS320F28379D
Passive loads 1&2 Frizlen BW83
Electric loads 1&2 Chroma 63804

Oscilloscope Tektronix DPO 3014
Current probes Tektronix TCP0030A
Voltage probes Tektronix THDP0200

Power analyzer 1 Yokogawa WT3000E
Power analyzer 2 Yokogawa WT1800

Signal conditioners 1&2 Signaltec MCTS
(current signals power analyzers)

Current sensors (power analyzer 1) LEM IT 400-S Ultrastab
Current sensors (power analyzer 2) Dewetron PM-CM-200

parameters used in the setup are listed in Table 3.5.

The control scheme used for the DAB laboratory setup is presented in Fig. 3.54. DAB 1 and
2 are controlled via a combined voltage control, which gives the phase shift ϕ , derived by a
PI controller, to both DABs in order to provide the sum of the reference voltages (V ∗

dc−link +

V ∗
LVdc) at dc-link and LVdc feeder. The interconnecting DAB is controlled via a balancing

control, which provides the phase shift ϕi, derived by a PI controller, in order to keep the

Fig. 3.53: Scheme of the dual active bridge laboratory setup.
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Table 3.5: Experimental setup parameters of the DAB laboratory setup.

Symbol Representation Value
Vs1, Vs2 MVac PEBB cell voltages 250V

Vdc−link / VLVdc LV dc-link / LVdc grid voltage 250V
Cdc−link / CLVdc dc-link / LVdc grid capacitor 4.5mF

LDAB DAB inductances 65µH
n Transformer turn ratio DABs 1

fsw,DAB DAB switching frequency 20kHz

Fig. 3.54: Control scheme for the dual active bridge laboratory setup.

errors of the dc-link and LVdc voltage compared to the reference values balanced.

The link ratio configurations that are realized by the emulation of additional MVac PEBB
DABs via the utilization of current sources are listed in Table 3.6. The emulation of addi-
tional MVac PEBB DABs is done by adjusting the dc currents of the current sources so that
the current source output powers PCS,1,out or PCS,2,out are equal to multiples of the DAB out-
put powers PDAB,1,out or PDAB,2,out, depending on link ratio configuration to be realized. The
virtual input power of the emulated MVac PEBB DABs are calculated based on the efficiency
of the DAB, which is replicated by the current source, with

PCS,1,in = PCS,1,out
PDAB,1,in

PDAB,1,out
=

PCS,1,out

ηDAB,1
(3.28)

Table 3.6: Small scale prototype configurations via emulation of additional MVac PEBB DABs with
current sources.

ξ NMB NDAB
MB,dc−link NCS

MB,dc−link NDAB
MB,LVdc NCS

MB,LVdc

1/4 4 1 2 1 0
2/4 4 1 1 1 1
3/4 4 1 0 1 2
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and
PCS,2,in = PCS,2,out

PDAB,2,in

PDAB,2,out
=

PCS,2,out

ηDAB,2
. (3.29)

The efficiency of the DAB laboratory setup including the emulated DABs is calculated by
dividing the output powers on the loads PR1 and PR2 by all input powers

η =
Pout

Pin
=

PR1 +PR2

PCS,1,in +PDAB,1,in +PDAB,2,in +PCS,2,in
. (3.30)

The waveforms of one DAB are shown in Fig. 3.55 as an example. The measurements of the
power analyzers are taken in steady state operation for different load combinations. The sum
of both output powers PR1+PR2 is kept at 6kW to have the same degree of system utilization
for better comparability. The measured efficiencies for the different link ratio configura-
tions are presented in Fig. 3.56 as solid lines with the points of measurements marked by
crosses. Comparing the operation areas where the different configurations provide maxi-
mum efficiency for the measured values with these areas calculated analytically reveals an
asymmetric behavior of the DAB laboratory setup efficiency. The reason for this asymmetric
behavior can be the difference in the efficiencies of DAB 1 and DAB 2, shown in Fig. 3.57.
This difference is mainly caused by the manufacturing tolerances of the medium frequency
transformers used in the DABs.

A compensation of the efficiency difference of DAB 1 and DAB 2 is used to validate that
it is the reason for the asymmetric behavior of the DAB laboratory setup efficiency. The
compensation is done by using the efficiency of DAB 2 to calculate all input powers virtually

Fig. 3.55: Dual active bridge (a) primary and secondary voltage and (b) primary inductor current for
operation at 2kW output power.
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Fig. 3.56: Efficiency of the DAB setup for realization of different link ratios measured in the labora-
tory, results for compensation of the inequality of the DAB efficiencies, and optimal link
ratios via measured, compensated and theoretical results.

via
P′

CS,1,in = PCS,1,out
PDAB,2,in

PDAB,2,out
=

PCS,1,out

ηDAB,2
(3.31)

and
P′

DAB,1,in = PDAB,1,out
PDAB,2,in

PDAB,2,out
=

PDAB,1,out

ηDAB,2
. (3.32)

Fig. 3.57: Efficiencies of DAB 1 and DAB 2 measured in the laboratory.
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These input powers are inserted with the other power values into (3.30) to calculate the
dashed lines in Fig. 3.56. The optimal operation areas for the link ratios with compensated
efficiencies are close to the analytical calculated ones. The remaining deviation can be ex-
plained by the fact that the output powers of DAB 1 and DAB 2 are not exactly equal for the
same applied phase shift due to tolerances of the DAB inductances, which are composed of
the leakage inductance of the medium frequency transformers and external inductances.

The results of the presented experiments on the small scale laboratory prototype are:

• It was validated that the link ratio selection in the IT has a significant influence on the
system efficiency.

• The possibility to identify optimal operation areas of each link ratio configuration for
maximum efficiency was validated.

• The borders of the optimal operation areas of the link ratio configurations will be close
to those analytically calculated, if same efficiency behavior of the produced PEBBs
can be achieved. Otherwise, the location of the borders can be significantly influenced
by asymmetries between the efficiencies of MVac PEBBs connected to the dc-link and
the ones of the MVac PEBBs connected to the LVdc feeder.

3.4. Summary and conclusions of the chapter

This chapter introduced the interconnected topology (IT) and the non-interconnected topol-
ogy (NIT) at first in Section 3.1. These topologies are the realizations of the interconnected
and non-interconnected ST architectures presented in Section 2.2 with the converters from
Section 2.3. The IT provides an inherited advantage compared to the NIT - the possibility to
adapt its configuration via the link ratio. This adaption of the link ratio can be used to realize
a reduced required power rating of the interconnecting dual active bridge (DAB) compared
to the LVdc DAB as well as to provide improved efficiency of the IT compared to the NIT.

Thereafter, a method to calculate the efficiency of the topologies was proposed. This method
consists of two main steps. The first main step is the calculation of efficiency curves for
each converter, which give the efficiency of the converter in dependency on its output power.
In the second main step these converter efficiency curves are used to calculate the system
efficiency based on a non-conserved power flow analysis. The system efficiencies calculated
in this way are used to evaluate the design of the IT configuration for optimal efficiency in
Section 3.3.

A mission profile-based design procedure for the power ratings of the converters in both
topologies was proposed in Section 3.2. The topologies have three ports for MVac, LVac
and LVdc grids. Therefore, two mission profiles are needed to define the loading of the
system - LVac and LVdc power profiles - which are combined to a hybrid mission profile.
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The loading of the interconnecting DAB does not only depend on the operation point of
the hybrid mission profile but also on the configuration of the IT via the link ratio. This
holds the potential to optimize the link ratio to achieve a minimum required power rating
of the interconnecting DAB. For nine considered hybrid mission profiles, a downsizing of
the interconnecting DAB power rating to values between 31% and 39% of the LVdc DAB
power rating can be achieved.

Further, a Monte Carlo-based sensitivity analysis of the determined power ratings against de-
viations of the real power profiles compared to those assumed for the design was conducted.
The analysis showed that the impact of the uncertain knowledge of the hybrid mission profile
has to be considered for the mission profile-based design of the converter power ratings. It
has been found that implementing the possibility of reconfiguration of the link ratio in the
application can significantly reduce the impact of the hybrid mission profile uncertainty on
the required sizing of the interconnecting DAB for some of the hybrid mission profiles.

The influence of the configuration of the IT via the link ratio on the efficiency of the converter
system was investigated in Section 3.3. Two approaches were proposed to identify the link
ratio for optimal average weighted efficiency for the assumed hybrid mission profiles. One is
based on extensive modeling of all converter efficiencies as presented in Section 3.1.3. This
approach is able to always find the optimal link ratio according to the applied modeling. The
other approach is solely based on the knowledge of the hybrid mission profile. It requires
no modeling effort and provides low computational burden, but does not always provide
the optimal link ratio. However, the not realized efficiency benefit by the suboptimal link
ratio choice is small, because at least a link ratio directly next to the optimal one is always
chosen.

Finally, a laboratory validation of the efficiency influence of the IT configuration via the link
ratio was carried out. A validation of a significant influence of the link ratio selection in the
IT on the system efficiency was achieved. Also, the possibility to identify optimal operation
areas of each link ratio configuration for maximum efficiency was validated. Another result is
that the borders of the optimal operation areas of the link ratio configurations will be close to
those analytically calculated, if same efficiency behavior of the produced power electronics
building blocks (PEBBs) can be achieved. Otherwise, the location of the borders can be
significantly influenced by asymmetries between the efficiencies of MVac PEBBs connected
to the dc-link and the ones of the MVac PEBBs connected to the LVdc feeder.
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4. Thermal digital twins for condition monitoring and
temperature observation

This chapter deals with approaches to evaluate the reliability of power electronics semicon-
ductor modules and to build the basis of a safe operation and methods to support it. De-
riving an accurate real-time representation of the thermal behavior via thermal digital twins
(DTs) has many synergies for these purposes. For example, it can be used for detecting
over-temperatures, giving an essential input to lifetime models, carrying out condition mon-
itoring, and providing the feedback signal for active thermal control methods, which will be
addressed in Chapter 5.

The chapter is organized as follows: The fundamentals of thermal modeling are given in
Section 4.1. Section 4.2 describes the thermal influence on power semiconductor module
reliability by explaining the degradation mechanism evoked by thermal cycles, showing ex-
isting lifetime models and their limitations, and giving a review on condition monitoring
methods for power semiconductors via the thermal behavior. Afterwards, Section 4.3 pro-
poses the DT-based observation of the power semiconductor thermal behavior by describing
the basic principle of a thermal DT, developing DT approaches based on a particle-swarm-
optimization (PSO) - based on [31] - and a dual extended Kalman filter (DEKF), comparing
both approaches, and extending the DEKF-based thermal DT to a multichip representation,
which considers thermal cross coupling effects. Furthermore, the capability of the DEKF-
based multichip thermal DT to represent the thermal behavior in real-time is validated on
a laboratory setup. A summary and the conclusions of the chapter can be found in Sec-
tion 4.4.

4.1. Fundamentals of thermal modeling

This section introduces the fundamentals of thermal modeling, which represents the thermal
behavior by suitable models. The modeling of the thermal behavior builds the basis of the es-
timation of the power semiconductor chip temperature and is an essential part in temperature
observers.

In this section, the analogy between electrical and thermal modeling is introduced at first.
Next, thermal models to represent the thermal behavior between a point of interest and a
reference point - therefore, providing the possibility to model the temperature of a single chip
- are presented. Afterwards, a commonly used procedure to describe the thermal behavior of
multiple chips with thermal cross coupling effects is shown.
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4.1.1. Basics of thermal modeling

The different basic components used in thermal modeling are shown in Fig. 4.1 and their
analogy to the corresponding components of the electrical modeling is given in Table 4.1.
Thermal resistors are used to relate a flow of power losses Ploss (dissipated heat flux) to a
temperature difference between different locations

∆T = RthPloss . (4.1)

Thermal capacitors describe the impact of the heat flux storage capacity of materials on the
temperature difference between different locations

∆T (t) =
1

Cth

∫ t

0
Ploss(τ)dτ +∆T (0) . (4.2)

For power semiconductor modules, the thermal resistance and capacitance between different
locations in the module depend on the properties of the used materials. However, the struc-
ture of the materials also plays an important role. For example, material layers with cracks
or voids pose a higher thermal resistance for the heat dissipation.

For the heat dissipation process from the converter to the ambient, the convection is another
parameter influencing the represented thermal resistance and capacitance between the heat
sink and the ambient temperature. Herein, the natural convection poses higher thermal resis-
tance than the forced air cooling - via a cooling fan - and liquid cooling - via a cooling pump
- provides lower thermal resistance than forced air cooling.

The combination of multiple thermal resistors and capacitors to networks can be used to
describe the complex thermal behavior of multiple thermally coupled material layers and
convection processes - such as in a power semiconductor module.

Fig. 4.1: Basic components of thermal modeling, (a) thermal resistor, (b) thermal capacitor, (c) power
losses source, and (d) temperature source.

Table 4.1: Analogy between electrical and thermal modeling.

Electrical modeling Thermal modeling
Electrical resistance R in Ω Thermal resistance Rth in K/W

Electrical capacitance C in F Thermal capacitance Cth in J/K
Current i in A Power losses Ploss in W
Voltage v in V Temperature T in K or ◦C
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4.1.2. Single chip thermal networks

The description of the thermal behavior between a point of interest and a reference point
in a power semiconductor module can be based on a Foster network (Fig. 4.2) or a Cauer
network (Fig. 4.3), which are often used for thermal descriptions in a power electronics
context. The point of interest is in most cases a semiconductor chip with the temperature T1.
The reference temperature Tref is taken from a reference point, which is often the ambient
(ambient temperature Ta) or the case of the power semiconductor module. The heat flux
generated at the point of interest is due to the power losses of the chip Ploss.

Fig. 4.2: Foster network modeling the thermal behavior of a semiconductor.

Fig. 4.3: Cauer network modeling the thermal behavior of a semiconductor.

Fig. 4.4: Schematically shown cooling curve for thermal characterization after heating the power
semiconductor chip with constant losses to a steady state temperature.
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The thermal impedance Zth(t) can be characterized by utilizing the cooling curve of the
temperature difference between chip and reference point T1(t)−Tref(t), shown in Fig. 4.4.
The power semiconductor chip is heated with constant losses Ploss,const to a steady state of
this temperature difference and then the semiconductor losses are turned off - for such tests
an externally controlled dc current, which is flowing through the permanently turned on
semiconductor (heating by the conduction losses), is utilized in most cases. After turning the
losses off, the cooling curve can be recorded and the thermal impedance can be calculated
by

Zth(t) =
T1(t)−Tref(t)

Ploss,const
. (4.3)

To represent the thermal impedance given by (4.3) a Foster network (Fig. 4.2) is commonly
used. The thermal impedance of the Foster network can be expressed as

Zth(t) =
a

∑
j=1

Rth j

(
1− e

− t
τth j

)
(4.4)

with
τth j = Rth jCth j . (4.5)

The thermal resistances Rth j and thermal time constants τth j of the different Foster network
chain elements are then adjusted by an optimization algorithm to find the optimal represen-
tation of the measured impedance during the cooling curve - found by (4.3) - via the Foster
network impedance (4.4). The derivative of the characterized thermal impedance, a mea-
surement of the reference temperature, and measurement or calculation of the losses in the
chip can be used to estimate the chip temperature T̂1(t) by calculation of the convolution

T̂1(t) = Żth(t)∗Ploss(t)+Tref(t) . (4.6)

If the Cauer network is used to represent the thermal impedance, the thermal resistances Rth j

and thermal capacitances Cth j of the Cauer network (Fig. 4.3) are often derived by modeling
the thermal properties of the different material layers between the chip and the reference
point (physical modeling). The main advantage of a Cauer network derived by physical
modeling compared to a Foster network fitted to measurements is that it can theoretically be
used to access temperatures of intermediate material layers within the power semiconductor
module, which are not accessible by sensor placement. However, the Foster network fitted
to the measured thermal behavior will represent the real thermal behavior between chip and
reference point more accurately. Therefore, the parameters of a Cauer network can also be
fitted to the measure thermal impedance (4.3) after the physical modeling is executed - as a
form of fine tuning. This in turn makes the precision of accessing the temperature of specific
material layers within the power semiconductor module questionable.



4. Thermal digital twins for condition monitoring and temperature observation 82

Another advantage of the Cauer network compared to the Foster network is that the sequence
of the different chain elements impacts the resulting thermal behavior. The importance of
this property for the implementation of a thermal DT will be presented in Section 4.3. To
implement the thermal network in a real-time simulation (RTS) for the realization of the
thermal DT, it is necessary to have discrete formulas which are executed at the thermal RTS
time step dth. The Cauer network equations discretized with forward Euler method for a
network with three chain elements are

T1(k+1) = TCth1(k+1) =TCth1(k)+
Ploss(k)dth

Cth1
−

(TCth1(k)−TCth2(k))dth

Rth1Cth1

TCth2(k+1) =TCth2(k)+
(TCth1(k)−TCth2(k))dth

Rth1Cth2
−

(TCth2(k)−TCth3(k))dth

Rth2Cth2

TCth3(k+1) =TCth3(k)+
(TCth2(k)−TCth3(k))dth

Rth2Cth3
−

(TCth3(k)−Tref(k))dth

Rth3Cth3
.

(4.7)

4.1.3. Multichip thermal networks

A power semiconductor module contains multiple chips, which can have significant thermal
cross coupling effects [61]. Thermal cross coupling means that the temperature of the chips
in relation to the reference point temperature are not only influenced by the losses inside the
single chips themselves, but also by the losses dissipated in other chips of the module located
near to them.

An often applied approach to model multichip power semiconductor modules with signifi-
cant thermal cross coupling effects is the linear accumulation of all impacts on the tempera-
tures by losses in the chips [62–66]. Herein, a Foster network is characterized for the impact
of each source of heat flux - losses in chips - on all considered chip temperatures, as shown in
Fig. 4.5. One way to characterize these Foster networks is to apply an externally controlled
dc current to one of the chips until steady states for all the differences of chip temperatures
to the reference temperature are reached and to record the cooling curves (Fig. 4.4) then.

Fig. 4.5: Linear accumulation approach to model thermal cross coupling effects between multiple
semiconductors via Foster networks.
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With the cooling curves the thermal impedances can be calculated with (4.3) and a fitting of
the Foster network impedances (4.4) can be made to characterize the Foster network param-
eters. This procedure is repeated for all considered sources of losses (chips) to characterize
all Foster networks shown in Fig. 4.5. The derivatives of the resulting thermal impedances
for self heating and thermal cross coupling are then combined in the matrix

Żth(t) =


Ż11

th Ż12
th · · · Ż1k

th

Ż21
th Ż22

th
... . . . ...

Ż j1
th · · · · · · Ż jk

th

(t) . (4.8)

The j chip temperatures T̂ (t) can be estimated by calculating the convolutions of the vector
of loss sources Ploss(t) with the matrix entries of (4.8)

T̂ (t) = Żth(t)∗Ploss(t)+Tref . (4.9)

Herein, the results of the convolutions for each of the matrix rows are linearly accumulated
for the respective chip temperature. In this way, the chip temperatures are calculated by
superposition of the impact of each of the loss sources.

4.2. Thermal influence on power semiconductor module reliability

This section highlights the essential influence of the temperature on the reliability of power
semiconductor modules. Changes of the temperature are a main reason for the wear-out of
power semiconductor modules. Observing the thermal loading of power modules by temper-
ature changes allows to estimate their expected lifetime. The thermal behavior changes with
degradation of power modules and can be used to monitor their health condition.

In this section, the degradation mechanism of power modules by thermal cycles is explained
at first. Next, the principle of thermal cycle-based lifetime estimation by lifetime models is
presented and their limitations are discussed. Afterwards, a review on condition monitoring
of power semiconductors via the thermal behavior is given.

4.2.1. Degradation mechanism

Power electronics converters need to process power depending on the supplied loads. Changes
or cycles of the required load power lead to adjustment of the processed converter power.
With increasing processed power of a converter the losses in the chips of its semiconductors
increase. This increase of the losses leads to an increase of the chip temperature. When the
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Fig. 4.6: Junction temperature cycles with characteristic values.

processed power of the converter decreases, the losses in the chips decrease and, therefore,
also the chip temperature.

This means that cycles of the required load power lead to thermal cycles of the power semi-
conductor chips, as shown in Fig. 4.6. Two characteristic values to describe a thermal cycle
are the mean junction temperature T̄j and the junction temperature swing ∆Tj. The word
junction refers in this context to a region within the power semiconductor chip, which is ex-
pected to be the origin of the heat flux due to the losses. Accessing the junction temperature
is only possible via the measurement and characterization of temperature sensitive electri-
cal parameters (TSEPs) [67–69], such as the saturation voltage for IGBTs [70, 71]. For the
characterization of the temperature dependency of a TSEP, the power semiconductor chip is
heated externally to the different temperature points of the characterization in order to en-
sure an equal temperature distribution in the chip. Having this equal temperature distribution
ensures that also the not exactly defined junction zone has this temperature. Afterwards, the
TSEP is measured and related to the junction temperature via the characterization. Thereby,
it is important to consider other influences on the specific TSEP as well as changes of the
temperature dependent characteristic due to the wear-out process in order to evaluate or im-
prove the accuracy of the junction temperature identification.

A power semiconductor module is built of different material layers, as schematically shown
in Fig. 4.7. The used materials have different coefficients of thermal expansion (CTE) listed
in Table 4.2. When the temperatures of the layers change, their geometrical sizes change to
different degrees, which causes mechanical strain at the joints of the material layers. The

Fig. 4.7: Basic layer structure of a power electronics module.
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Table 4.2: Coefficients of thermal expansion of material layers in power semiconductor modules [50].

Material Coefficient of thermal expansion in 10−6

K
Aluminum (bond wires) 22.5

Silicon (chips) 4.1
Solder (joints) 15.0 to 30.0

Copper (connection layers and base plate) 17.5
Aluminum oxide (insulation layer of DCB) 8.3

mechanical strain at the joints is the root cause of power semiconductor module degrada-
tion.

The degradation of the bond-wires causes higher losses and the solder degradation a higher
thermal resistance of the solder layers and, therefore, higher junction temperatures. The
increasing losses and reduced heat dissipation lead to higher thermal cycles on the power
semiconductor modules. The higher thermal cycles lead to a faster degradation. This positive
feedback loop accelerates towards the end of life of power semiconductor modules. Some of
the major failures at the end of life are liftoff of the bond wires and bond wire heal cracking
[72] as well as cracking of the solder joints [73].

4.2.2. Thermal cycle-based lifetime estimation

The influence of thermal cycles on the degradation of power semiconductor modules pro-
vides the possibility to estimate the lifetime based on the junction temperature. The method
for this estimation is presented in Fig. 4.8. Similar to the explanation of the degradation
mechanism, the first three steps are:

• The required load power (mission profile) defines what power needs to be processed
by the converter.

• The converter losses result from the operation of the converter at the defined output
power.

• The heat flux due to the losses together with the thermal behavior determines the junc-
tion temperature of the power semiconductors.

The following two steps relate the junction temperature profile to the degradation of the
power semiconductor module:

• The rainflow counting algorithm [74] is commonly used to identify numbers of thermal
cycles with certain mean junction temperature T̄j and junction temperature swing ∆Tj

from the thermal profile.
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Fig. 4.8: Method for lifetime estimation of power semiconductors.

• The last step is to estimate the damage done by the identified thermal cycles via life-
time models characterized with data from power cycling tests.

The lifetime models describe the number of cycles until a failure would occur Nf for specific
permanently applied operation conditions. A basic lifetime model [75] only represents the
dependency of Nf on the mean junction temperature T̄j and the junction temperature swing
∆Tj

Nf,1 = c1,1(∆Tj)
c2,1e

c3,1
T̄j . (4.10)

The coefficients c1,1, c2,1, c3,1 are determined based on accelerated power cycling test results,
shown in Fig. 4.9. In accelerated power cycling tests power semiconductor modules are
exposed to high thermal swings to achieve a rapid degradation of the modules in order to
have reasonable test times. The thermal swings can be evoked actively - power cycling -
via an externally controlled dc current flow through the semiconductors (alternatively also
the real operation mission profiles under harsh circumstances can be used for power cycling
[76, 77]) or passively - thermal cycling - via a heating chamber.

While [78] confirmed these basic relations (4.10) for temperature swings of 80K and 100K,
[18, 79, 80] identified the time of the temperature rise tr (heating time) applied in the accel-
erated cycling tests as a significant influencing factor of Nf

Nf,2 = c1,2(∆Tj)
c2,2e

c3,2
T̄j
( tr

1.5

)c4,2
. (4.11)
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Fig. 4.9: Results of cycle to failure experiments via accelerated power cycling (adapted from [75]).

Such as for the basic lifetime model, the coefficients c1,2, c2,2, c3,2, c4,2 should be determined
based on accelerated power cycling test results.

Furthermore, [81] proposed to include the influences of the dc current I used for heating
in the accelerated power cycling tests, of the power semiconductor modules voltage rating
Vrated, and of the bond wire diameter bdia on Nf

Nf,3 = c1,3(∆Tj)
c2,3e

c3,3
T̄j tc4,3

r Ic5,3V
c6,3
ratedbc7,3

dia . (4.12)

Also herein, the coefficients c1,3, c2,3, c3,3, c4,3, c5,3, c6,3, c7,3 should be determined based
on accelerated power cycling test results.

According to Miner’s rule [82], the consumption of the power semiconductor modules total
lifetime is calculated by linear accumulation of the lifetime consumption calculated for each
thermal cycle. When the sum of the numbers of cycles divided by the respective number of
cycles to failure reaches one

a

∑
j=1

nf, j

Nf, j
= 1 , (4.13)

the power semiconductor module is expected to fail.

However, [83, 84] showed that the assumption of linear damage accumulation is not ac-
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curate, because applying small thermal cycles to a degraded power semiconductor module
caused an increase of the thermal resistance, while applying same thermal cycles to a new
module showed no effect on the thermal resistance. Furthermore, [83–86] showed that life-
time models characterized by accelerated power cycling tests at high ∆Tj are inaccurate for
temperature profiles with mostly low ∆Tj. Another concern that is raised especially for life-
time models with a high number of influencing factors, is the number of power cycling
tests needed to achieve a trustworthy characterization. However, even with a high number
of power cycling tests at high temperature swings, the accuracy at low temperature swings
cannot be guaranteed [87].

Besides the concerns about the applicability of lifetime model, an essential requirement for
the lifetime estimation with lifetime models is the availability of accurate chip temperature
measurements as well as the knowledge about the thermal behavior to predict future thermal
loading. The thermal behavior changes during the wear-out process of power semiconduc-
tor modules, therefore, adjusting the thermal models is important to maintain an accurate
prediction of the chip temperature. Furthermore, having more accurate thermal models also
brings advantages for their utilization in thermal observers [69]. Thermal observers are a
combination of temperature prediction based on a thermal model - presented in Section 4.1
- and a correction based on temperature measurements - via a comparison to the estimated
temperature and adjustment of the thermal model input (losses) by a correction controller.
Thermal observers allow to access the temperature with low noise - due to the model-based
estimation - while being still precise - due to the measurement-based correction. Further, it
is possible to access the temperature without phase lag by modeling also the measurement
delay of the temperature sensor and the conditioning circuit.

4.2.3. Review on condition monitoring of power semiconductors via thermal behavior

The categories of possibilities that allow monitoring solder degradation in power semicon-
ductor modules are presented in Fig. 4.10. There are possibilities to access the solder joint

Fig. 4.10: Categories of solder degradation monitoring possibilities.
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condition via the electrical or acoustic behavior of the power semiconductors. Using real-
time scanning acoustic tomography [88] or acoustic emission monitoring [89–91] provides
direct information about the structure of the solder joints. However, their application is lim-
ited to the laboratory, for example to monitor the solder degradation during power cycling
tests. The use of time-domain reflectometry is a way to measure solder joint cracking via the
electrical behavior [92], which could be theoretically also used for application in the field.

This work focuses on the thermal behavior of power semiconductors, which is important to
monitor their health condition via direct measurements [15, 93–96]. One major wear-out
process due to the degradation mechanism by thermal cycles is cracking of the solder joints,
which changes the thermal behavior of the power semiconductors. Measuring the change of
thermal behavior allows to monitor the condition of the solder joints. Besides the utilization
of thermal models for monitoring, the use of neural networks [97], time series nonparametric
models [98], and multiple weight function networks [99] has been proposed to detect solder
layer fatigue. However, this work focuses on describing the thermal behavior via thermal
models for the development of a thermal DT in Section 4.3, because the integration of estab-
lished thermal models - presented in Section 4.1 - provides the possibility to limit the search
area to find an optimal representation. Furthermore, the utilization of thermal models allows
a direct interpretation of the model parameters.

An often used parameter to identify solder degradation in power semiconductor modules is
the total thermal resistance [15, 100–110], which is the sum of Rth values of all chain ele-
ments of the single chip thermal models presented in Section 4.1. A wear-out criterion for

∑
a
j=1 Rth j is an increment of +20% compared to the initial value of a new power semicon-

ductor module [15, 100, 103, 110, 111]. Other possibilities that can be used to evaluate the
solder degradation, if an accurate thermal model is available, are:

• Using the frequency response function of the thermal behavior for health monitoring
of the solder joints and the cooling system [112–117].

• Using the transient thermal behavior for health monitoring of the solder joints and the
cooling system [118, 119].

• Using thermal resistance as well as thermal capacitance values for health monitoring
of the solder joints and the cooling system [111, 120–122].

• Using thermal resistance from module case to ambient or the case temperature differ-
ence for health monitoring of the cooling system [100, 123].

• Comparing the heat flux through the base plate with the one through the silicone gel
for health monitoring of the solder joints and the cooling system [124].

• Using the thermal time constant of the heat sink cooling curve for health monitoring
of the solder joints and the cooling system [125].
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• Using the phase shift between losses and the junction temperature inserted by the low-
pass effect of the thermal network for health monitoring of the solder joints and the
cooling system [126].

For these possibilities, the thermal interface material between module base plate and heat
sink is considered as part of the cooling system.

Adjusting the thermal model for an optimal representation of the real thermal behavior via
the thermal DT approaches that are developed in Section 4.3 enables the use of the different
methods of thermal model-based condition monitoring of power semiconductor modules.
However, the change of thermal behavior will be a combination of increasing losses by bond
wire degradation and higher thermal resistance by solder degradation [103]. This combi-
nation of the different degradation processes could be decoupled, if the collector emitter
voltage of an insulated gate bipolar transistor (IGBT) is used as TSEP [127–129]. Another
approach is to adjust the loss model instead of the thermal model [113, 116]. The scope of
this work is on the adjustment of the thermal model, therefore, the additional increase of the
derived thermal resistance by the losses increasing with degradation needs to be considered
for defining wear-out criteria.

4.3. Digital twin-based observation of power semiconductor thermal
behavior

This section develops thermal DT approaches to observe the thermal behavior of power semi-
conductors. The concept of DTs is of growing interest for academia as well as industry [130].
However, the term digital twin has not one clearly defined meaning, but describes different
concepts depending on the context. In the context of representing a power electronics con-
verter the DT concept has three main components:

• A real-time simulation (RTS) of a model describing a converter behavior (virtual).

• Comparison of the model estimates with measured quantities (physical).

• An optimization algorithm adjusting the RTS model parameters to achieve an optimal
representation of the physical converter behavior by the virtual model.

For DTs of the electrical behavior of power electronics converters, different optimization
algorithms have been applied, which are a PSO [131–136], polynomial chaos expansion
[137], bayesian optimization [138], genetic algorithm [134], arithmetic optimization algo-
rithm [135], and the combination of the virtual model with the optimization algorithm via a
dynamic neural network [139]. [140] proposed a DT of the thermal converter behavior based
on a DEKF. However, this DT is implemented with the assumption of access to temperature
measurements at all nodes of the equivalent thermal circuit. Therefore, this approach either
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relies on non-accessible temperature measurements within the power semiconductor mod-
ules or it has only low fitting accuracy by using a model consisting of one chain element for
a high number of thermal layers. Anyway, the assumption leads to a decoupled mathematical
problem where only one chain element of the Cauer network is optimized for each pair of
temperature measurements individually. Other approaches providing an adaptive parameter
thermal model scale the thermal resistances with aging of the power semiconductor module
[141–143] or use an adaptive physical modeling of the thermal resistances and capacitances
based on multiple case temperature measurements [144]. The aim of the approaches devel-
oped in this section is to provide adjustable thermal real-time models - optimizing resistance
as well as capacitance values - with multiple chain elements by utilizing only chip and am-
bient temperature measurements and without the necessity of previous knowledge on the
thermal properties of the system.

In this section, the basic principle of a thermal DT is presented at first. Next, thermal DT
approaches based on a PSO and a DEKF are developed and compared. Afterwards, the
DEKF-based thermal DT is extended to a multichip representation, which considers thermal
cross coupling effects. Furthermore, the capability of the DEKF-based multichip thermal
DT to represent the thermal behavior in real-time is validated on a laboratory setup.

4.3.1. Basic principle of a thermal digital twin

A thermal DT is a virtual real-time replica of the thermal behavior of a power semiconductor.
The approaches developed in this work do not need any previous knowledge of the thermal
behavior of the power semiconductor.

The general structure of a thermal DT is shown in Fig. 4.11. In the physical space there is
the converter and its control, these are represented by a laboratory setup with a converter,
which gets gate signals from a Digital Signal Processor (DSP) in this work. The gate signals
are given to the virtual space at the same time, where they are used in an electrical RTS of
the physical converter. In this work a simplified buck converter (Fig. 4.12) is considered

Fig. 4.11: General scheme of a thermal digital twin of a power module.
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Fig. 4.12: Buck converter used for demonstration of a thermal digital twin.

Fig. 4.13: Schematic waveforms of buck converter: (a) inductor voltage and current, (b) semiconduc-
tor currents, indication of conduction loss intervals and switching events.

for the thermal DT application, because the loading of the semiconductors can be easily
adjusted via the duty cycle Dbuck of the switch T, which is the on-time of the switch divided
by the period 1

fsw
. A schematic representation of current and voltage waveforms of this buck

converter is given in Fig. 4.13. Currents î and voltages v̂ estimated by the electrical RTS
as well as information about the switching and conduction of the different semiconductors
of the converter are used to estimate the switching and conduction losses P̂loss via look-up
tables.

For the calculation of the losses based on an electrical RTS, the relation between the fixed
step size of the electrical RTS dexe and the switching frequency fsw of the converter influ-
ences the accuracy of the loss calculation. In order to demonstrate the impact of this relation
on the accuracy of the loss calculation, a simulation of the electrical waveforms and the
losses of the buck converter has been carried out in Matlab/Simulink with PLECs blockset
(ode 3 (Bogacki-Shampine) solver) using a fixed time step of dexe = 1µs and comparing it
with the results of a simulation with a fixed time step of 1ns as reference. Herein, the input
voltage Vin is 400V, the load resistance Rload is 16Ω and an operation at a chip temperature
of 125◦C is assumed. The loss characteristics of an FP25R12KE3 IGBT module from In-
fineon are considered in this section and this module is also used in the laboratory setup of
the thermal DT. The inductance of the buck converter Lbuck is adjusted based on the used
switching frequency

Lbuck = 0.25
1

fsw

Vin

1A
. (4.14)
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Fig. 4.14: Loss estimation accuracy of a buck converter depending on the duty cycle for different
relations of switching frequency fsw and discrete simulation time step dexe.

The loss estimation accuracy - calculated by dividing the losses calculated with dexe = 1µs
by those calculated with a fixed time step of 1ns - is shown in Fig. 4.14 depending on the
applied duty cycle and the used switching frequency. With rising duty cycle the accuracy
of the loss estimation has a sawtooth shape due to the resolution of the duty cycle. If the
duty cycle value can be represented exactly in the fixed time step simulation, the accuracy
of the loss estimation is high. However, the accuracy of the loss estimation drops for further
rising duty cycle, because the following duty cycle values cannot be represented, until the
next duty cycle that can be exactly represented is reached. How many duty cycles can be
exactly represented depends on the ratio fswdexe. This ratio also defines how far the loss
estimation accuracy drops between these duty cycle values exactly represented. In this work
a ratio fswdexe of 1

100 is applied.

The estimated losses P̂loss and the measured ambient temperature Ta are the inputs for the
thermal prediction or for multiple thermal RTSs, depending on the approach used to real-
ize the thermal DT. Measurements of one or multiple chip temperatures Tchip of the physi-
cal converter are used to optimize the parameters of the thermal model, which builds with
its differential equations - (4.7) from Section 4.1 - the basis for the execution of the ther-
mal prediction or the thermal RTSs. The optimization algorithms used to develop thermal
DT approaches are the particle-swarm-optimization (PSO), which was used for developing
multiple electrical DTs of power electronics converters [131–136], and the dual extended
Kalman filter (DEKF). Extended Kalman filters have broad application in other disciplines
and also shown potential for thermal modeling of power electronics converters [140, 145].

In the following subsections, the PSO- and DEKF-based DT approaches will be implemented
for the single chip Cauer network with three chain elements shown in Fig. 4.15. Both ap-
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Fig. 4.15: Cauer network with three chain elements used for the thermal digital twin of a single chip.

proaches will be compared based on the results for the single chip thermal DT.

4.3.2. Particle swarm optimization-based thermal digital twin

The realization of the thermal DT via the PSO (Fig. 4.16) contains BPSO thermal RTSs (par-
ticles), which are executed in parallel. All these thermal RTSs execute the differential equa-
tions of the same thermal model - (4.7) from Section 4.1 -, but each of these particles b has
its own set of parameters

pPSO,b = [R̂th1,b Ĉth1,b R̂th2,b Ĉth2,b R̂th3,b Ĉth3,b] ∀b ∈ [1,BPSO] (4.15)

characterizing the thermal model shown in Fig. 4.15.

The performance of each particle is evaluated via an objective function value fobj,b, which is
calculated from the estimated chip temperature of the particle T̂chip,b and the measured chip
temperature Tchip

fobj,b =
dth

dPSO

( dPSO
dth

∑
k=1

((
T̂chip,b(k)−Tchip(k)

)2

+
cPSO,d

d2
th

(
∆T̂chip,b(k)−∆Tchip(k)

)2
) 1

2
)

∀b ∈ [1,BPSO] .

(4.16)

Herein, dth is the execution time step of the thermal simulation, dPSO is the execution time

Fig. 4.16: Addition of the general scheme of a thermal digital twin of a power module for utilization
of a particle-swarm-optimization.



4. Thermal digital twins for condition monitoring and temperature observation 95

Fig. 4.17: Scheme of particle-swarm-optimization execution in the thermal digital twin.

step of the PSO, dPSO
dth

gives the number of executions of the thermal RTS during one PSO
period, and cPSO,d is the weighting coefficient of the derivative part.

The scheme of the parameter update of the PSO is shown in Fig. 4.17. Every dPSO the new
value of fobj,b is compared to the best objective function value fobj,best,b that was achieved by
the particle itself before. If fobj,b < fobj,best,b, the particle’s best parameter set pPSO,best,b is
updated. This is done for all of the BPSO particles in the swarm individually.

Another orientation for the particles is given by the best other particle they know. This
knowledge of other particles depends on the information topology that is used for the PSO.

Fig. 4.18: Topologies for information exchange between the different particles in a particle-swarm-
optimization: (a) global topology and (b) local topology.



4. Thermal digital twins for condition monitoring and temperature observation 96

There are two main information topologies for the PSO (Fig. 4.18), the global topology
where all particles know all other particles of the swarm and the ring shaped local topology
in which each particle only knows two neighbor particles. The global topology provides
faster convergence than the local topology, however, it suffers from premature convergence.
Therefore, the local topology is used for the PSO-based thermal DT and each particle orients
towards the locally best parameter set lPSO,best,b.

Associated to the parameter vector pPSO,b each particle also has a velocity vector vPSO,b,
which describes how each of the parameters changes. The velocities of all parameters for
each particle for the next step k+1 are calculated via

vPSO,b(k+1) =ωPSOvPSO,b(k)+ cPSO,1rPSO,1(k)(lPSO,best,b(k)−pPSO,b(k))

+ cPSO,2rPSO,2(k)(pPSO,best,b(k)−pPSO,b(k))

+ cPSO,3rPSO,3(k)pPSO,b(k) ∀b ∈ [1,BPSO] .

(4.17)

Herein, the inertia weight is denoted by ωPSO, the coefficients of the PSO are cPSO,1, cPSO,2,
and cPSO,3, randomly generated numbers between 0 and 1 are given as rPSO,1(k) and rPSO,2(k),
and a randomly generated number between −1 and 1 is given as rPSO,3(k). The first term
describes the inertia of the particle, the second term gives the orientation towards the best
neighbor particle, the third term includes the orientation towards the best historical parameter
set of the particle, and the last term inserts an own vibration. The insertion of own vibration
avoids that the swarm converges in local minima of the objective function, which is the case,
if all particles reach the same parameter and velocity set.

The new parameters for each particle are calculated by adding the velocities to the previous
parameter values

pPSO,b(k+1) = pPSO,b(k)+vPSO,b(k+1) ∀b ∈ [1,BPSO] . (4.18)

Fig. 4.19: Schematic representation of the search for optimal Foster network parameter sets via the
PSO-based thermal digital twin.
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Fig. 4.20: Schematic representation of the search for the optimal Cauer network parameter set via the
PSO-based thermal digital twin.

By repeating this cycle of evaluation and orientation of the particles, the particles move as
a swarm through the search area of possible parameter combinations to find the optimal
parameter set for the thermal model to represent the physical thermal behavior of the power
semiconductor module. The search area is solely limited to appropriate values for a thermal
model, which means no negative values for thermal resistances and capacitances. Further,
the maximum parameter values are chosen depending on the application. This search for
the optimal parameter set is one reason why Foster networks are not considered for the
implementation in the thermal DTs in this work. The schematic representation of the search
for optimal Foster network parameter sets - reduced to two dimensions - via the PSO-based
thermal DT is presented in Fig. 4.19. For the Foster network, the sequence of the chain
elements has no impact on the represented thermal behavior, therefore, multiple optimal
parameter sets exist, which represent the exact same thermal behavior. The existence of
multiple optimal parameter sets impedes the convergence of the particle swarm to an optimal
parameter set. Contrary to this, the thermal behavior represented by a Cauer network depends
on the sequence of the chain elements, therefore, only one optimal solution - the particle
swarm searches for - exists (Fig. 4.20). This and the theoretical opportunity of accessing
temperatures of intermediate material layers within the power semiconductor module are the
reasons for the consideration of Cauer networks in this work.

The PSO-based thermal DT is implemented in an RTS executed on a Typhoon HIL402 sys-
tem. In the RTS, the reference chip temperature Tchip is generated via a digital reference
model, which has the same structure (Fig. 4.15) as used in the DT. This enables showing that
the DT is able to converge to the same parameter set without previous knowledge about the
parameters of the reference model.

The design of the PSO applied for the implementation of the thermal DT in the RTS is:

• The swarm consists of BPSO = 16 particles.

• The weighting coefficient of the derivative part cPSO,d in the objective function (4.16)
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is chosen as 0.1s2.

• The inertia weight ωPSO in the velocity calculation (4.17) is chosen as 0.7.

• The coefficient of the orientation towards the best neighbor particle cPSO,1 in the ve-
locity calculation (4.17) is chosen as 0.5.

• The coefficient of the orientation towards the best historical parameter set of the parti-
cle cPSO,2 in the velocity calculation (4.17) is chosen as 0.5.

• The coefficient of the own vibration cPSO,3 in the velocity calculation (4.17) is chosen
as 0.01.

The time step of the electrical RTS dexe is chosen as 10µs and the time step of the thermal
RTS dth as 800µs. The input voltage of the buck converter is chosen as 400V, the switching
frequency as 1kHz, the load resistor as 16Ω, and the inductor as 0.01H. The duty cycle
of the buck converter is switched between 0.2 and 0.8, each value is applied alternating for
1s - resulting in a square wave with 2s period. The execution time step of the PSO dPSO

is set to 2s in order to cover one induced thermal cycle with each evaluation of the particle
performance by (4.16).

The convergence of the Cauer network parameters estimated by the PSO-based thermal DT

Fig. 4.21: Convergence of the Cauer network parameters to the reference values using the PSO-based
thermal DT in the RTS.

Fig. 4.22: Convergence of the time constants of the Cauer network chain elements using the PSO-
based thermal DT in the RTS.
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Fig. 4.23: Convergence of the Cauer network parameters in p.u. of their references using the PSO-
based thermal DT in the RTS.

to the parameters of the digital reference model is shown in Fig. 4.21. The thermal time con-
stants of the three chain elements, which are the multiplications of the thermal resistance and
the thermal capacitance values of each chain element, are presented in Fig. 4.22. Another
possibility to illustrate the convergence of the estimated parameters to the reference Cauer
model parameters is to show the estimated parameters relative to the reference parameters,
as given in Fig. 4.23. The PSO-based thermal DT is able to identify the parameter set of the
reference Cauer model approximately, however, the inserted own vibration of the particles,
which is necessary to avoid that the swarm gets stuck in local optima of the objective func-
tion, causes vibration around the reference values. It can be seen that the thermal parameters
and thermal time constants of the chain elements closer to the chip converge faster. This is
due to the fact that changing thermal parameters closer to the chip have a greater impact on
the chip temperature. All parameters converged after approximately 50000s to the reference
values. With the PSO execution time of 2s this results in approximately 25000 adaptions of
the parameter sets until the convergence is reached.

The convergence of the estimated total thermal resistance, which is important for condition
monitoring - as presented in Section 4.2 -, to the reference value is much faster than the con-
vergence of all individual parameters, as shown in Fig. 4.24. The evolution of the minimum
achieved objective function among all particles of the swarm is presented in Fig. 4.25. Com-
paring the convergence of the thermal time constants (Fig. 4.22) with the objective function
evolution (Fig. 4.25) reveals that each time one of the thermal time constants of the chain el-
ements converges towards the reference value the objective function also improves/drops.
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Fig. 4.24: Convergence of the total thermal resistance using the PSO-based thermal DT in the RTS.

Fig. 4.25: Evolution of the minimum achieved objective function using the PSO-based thermal DT in
the RTS.

4.3.3. Dual extended Kalman filter-based thermal digital twin

The realization of the thermal DT via the DEKF (Fig. 4.26) has the structure of an observer,
which estimates the temperature states via input of the estimated power losses P̂loss and the
measured ambient temperature Ta and corrects the temperature states and thermal model
parameters based on a comparison of estimated T̂chip and measured chip temperature Tchip.
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Fig. 4.26: Addition of the general scheme of a thermal digital twin of a power module for utilization
of a dual extended Kalman filter.

Fig. 4.27: General calculation scheme of a Kalman filter.

The general state equations of the assumed nonlinear system are given as

x(k+1) = f(x(k),u(k))+w(k) x0 = x(t0)

y(k) = h(x(k))+smeas(k)
(4.19)

with process noise w(k) ∼ N (0,Q(k)) and measurement noise smeas(k) ∼ N (0,S(k))

being white Gaussian noise with zero mean and covariance matrices Q(k) and S(k), respec-
tively. The Kalman filter flow diagram is shown in Fig. 4.27, for each time instance k+ 1
the calculation consists of a prediction and a correction. The superscript indices (−) and
(+) denote variables before and after the correction, respectively. Firstly, the predicted state
estimation and the predicted covariance estimate are calculated for the upcoming step k+1
by

x̂−(k+1) = f(x̂+(k),u(k)) (4.20)

O−(k+1) = F (k)O+(k)(F (k))T +Q(k+1) . (4.21)

Secondly, a correction is done, where first the Kalman gain K and afterwards corrected state
and covariance state estimates are calculated from

K(k+1) =O−(k+1)HT(HO−(k+1)HT +S(k+1))−1 (4.22)
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x̂+(k+1) = x̂−(k+1)+K(k+1)(y(k+1)−h(x̂−(k+1))) (4.23)

O+(k+1) = (E−K(k+1)H)O−(k+1) (4.24)

with the jacobian matrices

F (k) =
∂f(x,u)

∂x

∣∣∣∣∣
x̂(k),u(k)

H(k) =
∂h(x,u)

∂x

∣∣∣∣∣
x̂(k)

(4.25)

while the output matrix of the system H is constant, because the chip temperatures are
extracted as outputs, which are given by state variables.

The single chip version of the DEKF-based thermal DT has the temperature states and pa-
rameters from Fig. 4.15 in vector

x̂(k) = [T̂chip(k) T̂2(k) T̂3(k) R̂th1(k) Ĉth1(k) R̂th2(k) Ĉth2(k) R̂th3(k) Ĉth3(k)]T . (4.26)

The inputs are the power losses and the ambient temperature

u(k) = [P̂loss(k) Ta(k)]T . (4.27)

The only output is the chip temperature

ŷ(k) = T̂chip(k) = [1 0 0 0 0 0 0 0 0] x̂(k) . (4.28)

The jacobian matrix of the state equations from (4.25) is

F (k) =

[
F1(k) F2(k)

06,3 E6,6

]
. (4.29)

Herein, 06,3 is a zero matrix with six rows and three columns, and E6,6 is the identity matrix
with six rows and columns. Further, F1(k) is a matrix with three rows and columns describ-
ing the partial derivatives of the temperature state equations from (4.7) by the temperature
states

F1(k) =


1− dth

R̂th1(k)Ĉth1(k)
dth

R̂th1(k)Ĉth1(k)
0

dth
R̂th1(k)Ĉth2(k)

1− dth
R̂th1(k)Ĉth2(k)

− dth
R̂th2(k)Ĉth2(k)

dth
R̂th2(k)Ĉth2(k)

0 dth
R̂th2(k)Ĉth3(k)

1− dth
R̂th2(k)Ĉth3(k)

− dth
R̂th3(k)Ĉth3(k)


(4.30)

and F2(k) is a matrix with three rows and six columns describing the partial derivatives of
the temperature state equations from (4.7) by the predicted thermal parameters

F2(k) =
[
F3(k) F4(k) F5(k)

]
(4.31)
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with

F3(k)=


dth

R̂2
th1(k)Ĉth1(k)

(
T̂chip(k)− T̂2(k)

) dth
R̂th1(k)Ĉ2

th1(k)

(
T̂chip(k)− T̂2(k)− R̂th1(k)P̂loss(k)

)
dth

R̂2
th1(k)Ĉth2(k)

(
T̂2(k)− T̂chip(k)

)
0

0 0

 ,

(4.32)

F4(k) =


0 0

dth
R̂2

th2(k)Ĉth2(k)

(
T̂2(k)− T̂3(k)

) dth
Ĉ2

th2(k)

(
T̂2(k)−T̂chip(k)

R̂th1(k)
+ T̂2(k)−T̂3(k)

R̂th2(k)

)
dth

R̂2
th2(k)Ĉth3(k)

(
T̂3(k)− T̂2(k)

)
0

 (4.33)

and

F5(k) =


0 0
0 0

dth
R̂2

th3(k)Ĉth3(k)

(
T̂3(k)−Ta(k)

) dth
Ĉ2

th3(k)

(
T̂3(k)−T̂2(k)

R̂th2(k)
+ T̂3(k)−Ta(k)

R̂th3(k)

)
 . (4.34)

The entries of the covariance matrix of the process noise

Q=



QT̂chip
0 0 0 0 0 0 0 0

0 QT̂2
0 0 0 0 0 0 0

0 0 QT̂3
0 0 0 0 0 0

0 0 0 QR̂th1
0 0 0 0 0

0 0 0 0 QĈth1
0 0 0 0

0 0 0 0 0 QR̂th2
0 0 0

0 0 0 0 0 0 QĈth2
0 0

0 0 0 0 0 0 0 QR̂th3
0

0 0 0 0 0 0 0 0 QĈth3



(4.35)

used in (4.21) and those of the covariance matrix of the measurement noise S used in (4.22),
which is only the variable STchip for the single chip thermal DT, are used as tuning parameters
in this work.

The DEKF-based thermal DT is implemented in an RTS executed on a Typhoon HIL402
system. In the RTS, the reference chip temperature Tchip is generated via a digital reference
model, which has the same structure (Fig. 4.15) as used in the DT. This enables showing
that the DT is able to converge to the same parameter set without previous knowledge about
the parameters of the reference model. The tuning parameters of the DEKF applied for the
implementation of the thermal DT in the RTS are 10−10 for each of the entries in (4.35) and
10−4 for STchip . As for the implementation of the PSO-based thermal DT in the RTS, the time
step of the electrical RTS dexe is chosen as 10µs and the time step of the thermal RTS dth as
800µs. The input voltage of the buck converter is chosen as 400V, the switching frequency
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Fig. 4.28: Convergence of the Cauer network parameters to the reference values using the DEKF-
based thermal DT in the RTS.

Fig. 4.29: Convergence of the time constants of the Cauer network chain elements using the DEKF-
based thermal DT in the RTS.

as 1kHz, the load resistor as 16Ω, and the inductor as 0.01H. The duty cycle of the buck
converter is switched between 0.2 and 0.8, each value is applied alternating for 1s - resulting
in a square wave with 2s period. The prediction and correction of the DEKF-based thermal
DT is executed in each step of the thermal RTS dth = 800µs.

The convergence of the Cauer network parameters estimated by the DEKF-based thermal
DT to the parameters of the digital reference model is shown in Fig. 4.28. The thermal time
constants of the three chain elements, which are the multiplications of the thermal resistance
and the thermal capacitance values of each chain element, are presented in Fig. 4.29. Another
possibility to illustrate the convergence of the estimated parameters to the reference Cauer
model parameters is to show the estimated parameters relative to the reference parameters, as
given in Fig. 4.30. The DEKF-based thermal DT is able to identify the parameter set of the
reference Cauer model. It can be seen that the parameters and time constants of the two chain
elements closer to the chip converge to the reference values first and afterwards those of the
third Cauer network chain element. All parameters converged after approximately 50s to
the reference values. With the DEKF execution time of 800µs this results in approximately
62500 cycles of prediction and correction until the convergence is reached.

The convergence of the estimated total thermal resistance, which is important for condition
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Fig. 4.30: Convergence of the Cauer network parameters in p.u. of their references using the DEKF-
based thermal DT in the RTS.

Fig. 4.31: Convergence of the total thermal resistance using the DEKF-based thermal DT in the RTS.

monitoring - as presented in Section 4.2 -, to the reference value is shown in Fig. 4.31.

4.3.4. Comparison of the thermal digital twin approaches

The comparison of PSO- and DEKF-based thermal DTs is done concerning five criteria:

• the computational burden of the DT approaches,
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• the time required for convergence of the estimated thermal model parameters to the
reference ones,

• the optimizer coefficient tuning range that enables convergence of the estimated ther-
mal model parameters to the reference ones,

• the robustness of the convergence of the estimated thermal model parameters to the
reference ones against input profile variations,

• the potential of applying an asynchronous execution of the optimization.

The computational burden of the DT approaches is assessed by the number of mathematical
operations that need to be carried out for the basic equations of the approaches each second.
The computational burden is especially important for the integration of the approaches in
real-time applications, as it defines, if the computations at given simulation time step can be
finished before the next time step starts to meet the real-time requirement.

The time required for convergence of the estimated thermal model parameters to the refer-
ence ones is evaluated based on the results of the RTS implementation of the thermal DT
approaches. The time required for the convergence from a randomly initialized thermal
model parameter set - no previous information about the thermal behavior needed - to the
reference parameters (convergence speed) plays only a role at the start (initialization phase)
for the implementation in a long term thermal observation. However, a high convergence
speed of the thermal DT approach facilitates the research and development with the thermal
DT approach.

The optimizer coefficient tuning range that enables convergence of the estimated thermal
model parameters to the reference ones is evaluated by varying the single coefficients indi-
vidually from the basis coefficient configurations presented before. A wider range of possi-
ble optimizer coefficient tunings makes it easier to find a coefficient configuration that allows
convergence of the estimated thermal model parameters to the reference ones and makes this
coefficient configuration more robust against deviations of the real thermal behavior com-
pared with the thermal behavior considered during the design.

The robustness of the convergence of the estimated thermal model parameters to the ref-
erence ones against input profile variations is investigated by applying different duty cycle
profiles to the buck converter during the thermal parameter identification. If the identifica-
tion of thermal parameters is robust against input profile variations, applying the thermal DT
approach does not require one specific characterization operation cycle.

The asynchronous execution of the optimization mentioned in the fifth criterion refers to
changing the execution time step of the PSO or the DEKF correction relative to the RTS
time steps compared to the implementations of PSO- and DEKF-based thermal DT pre-
sented before. The potential of applying such an asynchronous execution of the optimization
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algorithms is evaluated theoretically by discussing the influences it could have on the other
criteria.

Computational burden of the DT approaches

The number of mathematical operations that need to be carried out for the basic equations of
the PSO-based thermal DT each second is calculated by

Nop,PSO

s
=

1
dth

(
BPSONy

(
3+(Ncauer −1)4︸ ︷︷ ︸

Summations

+ Ncauer︸ ︷︷ ︸
Multiplications

+2+(Ncauer −1)3︸ ︷︷ ︸
Divisions

)
︸ ︷︷ ︸

Thermal RTSs based on (4.7)

+BPSONy4︸ ︷︷ ︸
Summations

+ BPSONy3︸ ︷︷ ︸
Multiplications

+ BPSO︸︷︷︸
Square root

)
+

1
dPSO

(
BPSO︸︷︷︸

Multiplications︸ ︷︷ ︸
Operations (4.16)

+ BPSO2︸ ︷︷ ︸
relational
operations︸ ︷︷ ︸

Compare fobj

+BPSONy(2Ncauer)5︸ ︷︷ ︸
Summations

+BPSONy(2Ncauer)7︸ ︷︷ ︸
Multiplications︸ ︷︷ ︸

Operations (4.17)

+BPSONy(2Ncauer)︸ ︷︷ ︸
Summations︸ ︷︷ ︸

Operations (4.18)

)
.

(4.36)

Herein, dth is the thermal RTS time step, BPSO is the number of particles in the PSO, Ny is the
number of chip temperature measurements on the physical system used in the thermal DT
approaches, Ncauer is the number of chain elements of the Cauer network, and dPSO is the PSO
execution time step. For (4.36) as well as for the following equations for the DEKF-based
thermal DT, it is assumed that Ny thermal Cauer networks with each having Ncauer chain
elements are considered, which cannot be split into multiple applications of the approaches
for each temperature measurement individually.

The number of mathematical operations that need to be carried out for the basic equations of
the DEKF-based thermal DT each second is calculated by

Nop,DEKF

s
=

Nop,DEKF,1

s︸ ︷︷ ︸
Operations (4.20)

based on (4.7)

+
Nop,DEKF,2

s︸ ︷︷ ︸
Operations (4.21)

+
Nop,DEKF,3

s︸ ︷︷ ︸
Operations (4.22)

+
Nop,DEKF,4

s︸ ︷︷ ︸
Operations (4.23)

+
Nop,DEKF,5

s︸ ︷︷ ︸
Operations (4.24)

+
Nop,DEKF,6

s︸ ︷︷ ︸
Operations

update (4.25)

,

(4.37)
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which contains

Nop,DEKF,1

s
=

1
dth

Ny

(
3+(Ncauer −1)4︸ ︷︷ ︸

Summations

+ Ncauer︸ ︷︷ ︸
Multiplications

+2+(Ncauer −1)3︸ ︷︷ ︸
Divisions

)
, (4.38)

Nop,DEKF,2

s
=

1
dth

(
2︸︷︷︸

Number
matrix

multipli.

N2
x̂︸︷︷︸

Matrix
positions

Nx̂︸︷︷︸
Multipli.

calculation
each position︸ ︷︷ ︸

Multiplications

+ 2︸︷︷︸
Number
matrix

multipli.

N2
x̂︸︷︷︸

Matrix
positions

(Nx̂−1)︸ ︷︷ ︸
Summations
calculation

each position

+ Nx̂︸︷︷︸
Summations
Qmatrix︸ ︷︷ ︸

Summations

)
,

(4.39)
Nop,DEKF,3

s
=

1
dth

(
Nx̂Ny︸ ︷︷ ︸
Matrix

positions

Ny︸︷︷︸
Multipli.

calculation
each position

+N2
y

((
Ny−1

∑
a=1

(Ny−1)!
a!

)
−1

)
︸ ︷︷ ︸

Calculation
adjoint matrix︸ ︷︷ ︸

Multiplications

+

(
Ny

∑
a=1

(Ny)!
a!

)
−1︸ ︷︷ ︸

Calculation
determinant

+ N2
y︸︷︷︸

Multipli.
inverse determinant

adjoint matrix︸ ︷︷ ︸
Multiplications

+ 1︸︷︷︸
Calculation

inverse
determinant︸ ︷︷ ︸
Divisions

+ Nx̂Ny︸ ︷︷ ︸
Matrix

positions

(Ny−1)︸ ︷︷ ︸
Summations
calculation

each position

+N2
y

(
Ny−1

∑
a=1

(Ny−1)!(a−1)
a!

)
︸ ︷︷ ︸

Calculation
adjoint matrix︸ ︷︷ ︸

Summations

+

(
Ny

∑
a=1

(Ny)!(a−1)
a!

)
︸ ︷︷ ︸

Calculation
determinant

+ Ny︸︷︷︸
Summations
Smatrix︸ ︷︷ ︸

Summations

)
,

(4.40)

Nop,DEKF,4

s
=

1
dth

(
Nx̂︸︷︷︸

Vector
positions

Ny︸︷︷︸
Multipli.

calculation
each position︸ ︷︷ ︸

Multiplications

+ Nx̂︸︷︷︸
Vector

positions

(Ny−1)︸ ︷︷ ︸
Summations
calculation

each position

+ Nx̂︸︷︷︸
Sum.
x̂−

+ Ny︸︷︷︸
Comparison
measured to

estimated outputs︸ ︷︷ ︸
Summations

)
, (4.41)



4. Thermal digital twins for condition monitoring and temperature observation 109

Nop,DEKF,5

s
=

1
dth

(
N2
x̂︸︷︷︸

Matrix
positions

Ny︸︷︷︸
Multipli.

calculation
each position

+ N2
x̂︸︷︷︸

Matrix
positions

Nx̂︸︷︷︸
Multipli.

calculation
each position︸ ︷︷ ︸

Multiplications

+ N2
x̂︸︷︷︸

Matrix
positions

(Ny−1)︸ ︷︷ ︸
Summations
calculation

each position

+ N2
x̂︸︷︷︸

Matrix
positions

(Nx̂−1)︸ ︷︷ ︸
Summations
calculation

each position

+ Nx̂︸︷︷︸
Summation

identity
matrix︸ ︷︷ ︸

Summations

)
,

(4.42)

and

Nop,DEKF,6

s
=

1
dth

(
Ny+Ny(Ncauer −1)4︸ ︷︷ ︸

Multiplications

+Ny+Ny(Ncauer −1)4︸ ︷︷ ︸
Divisions

+Ny+Ny(Ncauer −1)2︸ ︷︷ ︸
Summations︸ ︷︷ ︸

Update (4.30)

+Ny+Ny(Ncauer −1)8︸ ︷︷ ︸
Multiplications

+Ny+Ny(Ncauer −1)5︸ ︷︷ ︸
Divisions

+Ny+Ny(Ncauer −1)5︸ ︷︷ ︸
Summations︸ ︷︷ ︸

Update (4.31)

)
.

(4.43)
Herein, Nx̂ is the number of states and estimated parameters within the DEKF, which is equal
to Ny(3Ncauer) for the assumptions previously made. The number of mathematical operations
per second of (4.22) is given by (4.40), if Ny ≥ 2. If Ny = 1, one summation, one division
and Nx̂ multiplications are carried out at each thermal RTS time step dth. Furthermore,
multiplications with −1 are excluded due to their low computational effort.

The required mathematical operations per second for execution of the PSO-based thermal
DT depending on Ncauer and Ny for BPSO = 16 (dth = 800µs and dPSO = 2s) are shown in

Fig. 4.32: Required mathematical operations per second for execution of the PSO-based thermal DT
depending on Ncauer and Ny for BPSO = 16.
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Fig. 4.33: Required mathematical operations per second for execution of the DEKF-based thermal
DT depending on Ncauer and Ny.

Fig. 4.32. The computational burden increases linearly with more chain elements (increasing
Ncauer) and also with more temperature measurements (increasing Ny).

The required mathematical operations per second for execution of the DEKF-based thermal
DT depending on Ncauer and Ny are shown in Fig. 4.33. The computational burden increases
quadratically with more chain elements (increasing Ncauer) and also with more temperature
measurements (increasing Ny). However, when a specific configuration is chosen for im-
plementation, there is the possibility to decrease the computational burden by excluding
operations with zero entries from equations containing (4.29).

Convergence speed of the DT approaches

The time required for convergence of the estimated thermal model parameters to the ref-
erence ones is evaluated based on the results of the RTS implementation of the thermal
DT approaches. For the DEKF-based thermal DT, all thermal parameters converged after
approximately 50s to the reference values. With the DEKF execution time of 800µs this
results in approximately 62500 cycles of prediction and correction until the convergence is
reached.

Whereas, for the PSO-based thermal DT, all thermal parameters converged after approxi-
mately 50000s to the reference values. With the PSO execution time of dPSO = 2s this results
in approximately 25000 adaptions of the parameter sets until the convergence is reached.

Optimizer tuning of the DT approaches

The optimizer coefficient tuning range that enables convergence of the estimated thermal
model parameters to the reference ones is evaluated by varying the single coefficients in-
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dividually from the basis coefficient configurations presented before. The thermal DT ap-
proaches with adjusted coefficient configurations are executed for ten minutes in the RTS
with digital reference model. After ten minutes run time the performance of the coefficient
configuration is evaluated using the objective function

fobj,ref,b =
dth

dPSO

( dPSO
dth

∑
k=1

√(
T̂chip,b(k)−Tchip(k)

)2
)

∀b ∈ [1,BPSO] . (4.44)

This objective function is not only applied to the estimated temperatures of the PSO particles,
but also to the estimated temperature of the DEKF.

The basis coefficient configuration of the PSO-based thermal DT from which the single
coefficients are varied individually is: ωPSO = 0.7, cPSO,1 = 0.5, cPSO,2 = 0.5, cPSO,3 = 0.01,
and cPSO,d = 0.1s2. The results of the PSO-based thermal DT for varying only ωPSO are
shown in Table 4.3, those for varying only cPSO,1 are shown in Table 4.4, those for varying
only cPSO,2 are shown in Table 4.5, those for varying only cPSO,3 are shown in Table 4.6, and
those for varying only cPSO,d are shown in Table 4.7.

Choosing low values for the PSO inertia ωPSO impedes the convergence of the objective
function (4.44) significantly (Table 4.3), because a low inertia will result in low velocity of

Table 4.3: Sensitivity of PSO-based thermal DT convergence to ωPSO tuning.

ωPSO 0.1 0.3 0.5 0.7 0.9

min
b∈[1,BPSO]

(
fobj,ref,b

)
in K 10.97 5.84 0.33 0.33 0.41

Table 4.4: Sensitivity of PSO-based thermal DT convergence to cPSO,1 tuning.

cPSO,1 0.1 0.3 0.5 0.7 0.9

min
b∈[1,BPSO]

(
fobj,ref,b

)
in K 6.65 2.43 0.33 0.24 0.31

Table 4.5: Sensitivity of PSO-based thermal DT convergence to cPSO,2 tuning.

cPSO,2 0.1 0.3 0.5 0.7 0.9

min
b∈[1,BPSO]

(
fobj,ref,b

)
in K 0.44 0.43 0.33 0.23 0.42

Table 4.6: Sensitivity of PSO-based thermal DT convergence to cPSO,3 tuning.

cPSO,3 0.001 0.005 0.01 0.05 0.1

min
b∈[1,BPSO]

(
fobj,ref,b

)
in K 1.12 0.19 0.33 0.36 1.17
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Table 4.7: Sensitivity of PSO-based thermal DT convergence to cPSO,d tuning.

cPSO,d in s2 0 0.01 0.05 0.1 0.5 1

min
b∈[1,BPSO]

(
fobj,ref,b

)
in K 0.04 0.27 0.35 0.33 0.74 0.67

the particle parameters and, therefore, the search area in the given time is shrunk. Also low
values for cPSO,1 impede the convergence significantly (Table 4.4), because a low orientation
on the other particles leads to longer convergence times of the swarm. The orientation to-
wards the best historical parameter set of the particle cPSO,2 has only minor influence on the
convergence (Table 4.5). Low and high values for the own vibration of the particles cPSO,3

impede the convergence (Table 4.6). For low values of cPSO,3, the particle swarm gets stuck
in local optima of the objective function (4.16). For high values of cPSO,3, the own vibration
impedes the convergence to precise thermal parameters. In the time frame of ten minutes,
which was chosen to have a reasonable testing time, the weighting coefficient of the deriva-
tive part cPSO,d in the objective function (4.16) impedes the convergence of the comparison
objective function (4.44). However, for longer test times up to 50 hours, it was observed that
a convergence to the digital reference thermal model parameters, as shown in Fig. 4.22, is
only possible with cPSO,d.

The basis coefficient configuration of the DEKF-based thermal DT from which the single
coefficients are varied individually is: STchip = 0.0001, and QT̂chip

= QT̂2
= QT̂3

= QR̂th1
=

QĈth1
= QR̂th2

= QĈth2
= QR̂th3

= QĈth3
= 10−10. The results of the DEKF-based thermal DT

for varying only STchip are shown in Table 4.8 and those for varying the entries of Q individ-
ually are shown in Table 4.9. High values of STchip impede the convergence of the thermal
parameters estimated by the DEKF-based thermal DT to the digital reference thermal model
parameters. For varying the values of Q, low values for QĈth2

, high values for QR̂th3
, and low

and high values for QĈth3
impede the convergence. It can be seen that the coefficient tuning

for the process noise covariance matrix entries of capacitive thermal parameters further away

Table 4.8: Sensitivity of DEKF-based thermal DT convergence to STchip variation.

STchip 0.000001 0.0001 0.000576 0.000625 0.01 1
fobj,ref in K 0.00 0.00 0.00 0.41 0.43 1.72

Table 4.9: Sensitivity of DEKF-based thermal DT convergence ( fobj,ref in K) to Q tuning.

QT̂chip
QT̂2

QT̂3
QR̂th1

QĈth1
QR̂th2

QĈth2
QR̂th3

QĈth3

10−13 0.00 0.00 0.00 0.00 0.00 0.00 0.57 0.00 0.67
10−10 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
10−7 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.09 0.49
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from the chip is critical, because they have less impact on the chip temperature than the other
thermal parameters and are, therefore, more difficult to identify.

Input profile robustness of the DT approaches

The robustness of the convergence of the estimated thermal model parameters to the ref-
erence ones against input profile variations is investigated by applying different duty cycle
profiles (Fig. 4.34) to the buck converter during the thermal parameter identification.

The influence of the duty cycle input profiles is evaluated using the objective function (4.44)
after ten minutes run time of the RTS implementation of the thermal DT approaches. The
basis coefficient configurations of the thermal DT approaches presented for the optimizer
tuning are used. The PSO-based thermal DT converges only for having a large periodic cycle
at the input (Table 4.10), whereas the DEKF-based thermal DT is able to converge for each
of the considered duty cycle input profiles (Table 4.11). Therefore, it would be necessary to
operate a specific characterization profile during the convergence of the PSO-based thermal
DT.

Potential asynchronous execution of the DT approaches

The asynchronous execution of the optimization refers to changing the execution time step
of the PSO or the DEKF correction relative to the RTS time steps compared to the imple-
mentations of PSO- and DEKF-based thermal DT presented before.

Fig. 4.34: Duty cycle input profiles for (a) large periodic load cycles, (b) low periodic load cycles,
and (c) superposition of multiple periodic load cycles.

Table 4.10: Convergence of PSO-based thermal DT for different duty cycle input profiles.

Input profile Fig. 4.34 (a) Fig. 4.34 (b) Fig. 4.34 (c)

min
b∈[1,BPSO]

(
fobj,ref,b

)
in K 0.33 4.39 7.09

Table 4.11: Convergence of DEKF-based thermal DT for different duty cycle input profiles.

Input profile Fig. 4.34 (a) Fig. 4.34 (b) Fig. 4.34 (c)
fobj,ref in K 0.00 0.00 0.00
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For the DEKF-based thermal DT, there would be the possibility to carry out the correction of
states and parameters not each thermal RTS time step dth, but for example every second step.
This would decrease the computational burden of the DEKF-based thermal DT, but might
also decrease the convergence speed.

For the PSO-based thermal DT, it would be possible to save one measured thermal cycle
at dth time steps and to execute multiple optimization epochs based on this measured and
saved thermal cycle in faster than real-time. This would increase the convergence speed of
the PSO-based thermal DT, but also increase the computational burden. Another opportunity
that would be offered by this asynchronous implementation is that the saved and measured
thermal cycle considered in the optimization could be not updated based on a fixed time in-
terval, but when a new thermal cycle proper for the characterization has been identified. This
would overcome the necessity of the PSO-based thermal DT to apply a specific characteri-
zation profile during the convergence.

Implementation of the asynchronous execution of the thermal DT approaches is out of the
scope of this work.

Summary of the comparison

The strengths and weaknesses of both thermal DT approaches are illustrated in Fig. 4.35.
The results of the comparison of the thermal DT approaches are:

• The PSO-based thermal DT provides a lower computational burden than the DEKF-
based thermal DT. The computational burden of the PSO-based thermal DT increases
linearly with extending the thermal network, whereas the one of the DEKF-based ther-
mal DT increases quadratically.

Fig. 4.35: Comparison of PSO-based and DEKF-based thermal DT.
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• The DEKF-based thermal DT provides significantly higher convergence speed of the
estimated thermal parameters to the reference ones than the PSO-based thermal DT.

• The optimizer coefficient tuning of the DEKF-based thermal DT provides a wider
range which leads to convergence than the one of the PSO-based thermal DT.

• The convergence of the DEKF-based thermal DT shows significantly higher robustness
to input profile variations compared to the one of the PSO-based thermal DT, which
requires a specific characterization operation profile.

• The potential of an asynchronous execution of the optimization is higher for the PSO-
compared with the DEKF-based thermal DT, because it could compensate significant
drawbacks of the PSO- compared to the DEKF-based thermal DT.

4.3.5. Multichip thermal digital twin

The multichip version of the thermal DT is implemented with the DEKF-based approach.
This is due to the fact that the PSO-based thermal DT has high convergence times, which
would further increase with more complex multichip thermal models with consideration
of thermal cross coupling effects. Furthermore, the higher input profile robustness of the
DEKF- compared to the PSO-based thermal DT facilitates the implementation of a multi-
chip thermal DT, where different input profiles for the chips have coupled impacts on the
chip temperatures.

Utilization of the linear accumulation approach for modeling the thermal network of mul-
tiple chips with cross coupling effects, which was presented in Section 4.1, would lead to
a high number of thermal parameters and temperature states that have to be handled. This
would cause a high computational burden of the DEKF-based multichip thermal DT. There-
fore, a new multichip Cauer network is proposed (Fig. 4.36), which is able to represent the

Fig. 4.36: Proposed multichip Cauer network of two chips with three chain elements each and direc-
tion dependent thermal cross coupling.
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temperatures of multiple chips with cross coupling effects and provides a low number of tem-
perature states and thermal parameters. The multichip Cauer network in Fig. 4.36 is based
on a thermal network proposed in [146], which was extended with direction dependent ther-
mal cross coupling resistances to model unsymmetrical thermal cross coupling effects due to
unsymmetrical locations of the chips in the power module. The direction dependency inserts
conditions in the differential equations discretized with the forward Euler method

T̂1(k+1) = T̂1(k)+
P̂loss1(k)dth

Ĉth1(k)
− (T̂1(k)− T̂2(k))dth

R̂th1(k)Ĉth1(k)

T̂3(k+1) = T̂3(k)+
(T̂2(k)− T̂3(k))dth

R̂th2(k)Ĉth3(k)
− (T̂3(k)−Ta(k))dth

R̂th3(k)Ĉth3(k)

T̂4(k+1) = T̂4(k)+
P̂loss2(k)dth

Ĉth4(k)
− (T̂4(k)− T̂5(k))dth

R̂th4(k)Ĉth4(k)

T̂6(k+1) = T̂6(k)+
(T̂5(k)− T̂6(k))dth

R̂th5(k)Ĉth6(k)
− (T̂6(k)−Ta(k))dth

R̂th6(k)Ĉth6(k)

If T̂5(k)> T̂2(k) : R̂th,cr1/2 = R̂th,cr1(k)

Else : R̂th,cr1/2 = R̂th,cr2(k)

T̂2(k+1) = T̂2(k)+
(T̂1(k)− T̂2(k))dth

R̂th1(k)Ĉth2(k)
− (T̂2(k)− T̂3(k))dth

R̂th2(k)Ĉth2(k)
+

(T̂5(k)− T̂2(k))dth

R̂th,cr1/2Ĉth2(k)

T̂5(k+1) = T̂5(k)+
(T̂4(k)− T̂5(k))dth

R̂th4(k)Ĉth5(k)
− (T̂5(k)− T̂6(k))dth

R̂th5(k)Ĉth5(k)
−

(T5,k −T2,k)d
R̂th,cr1/2Cth5(k)

.

(4.45)

The multichip version of the DEKF-based thermal DT has the temperature states and param-
eters from Fig. 4.36 in vector

x̂mc(k) = [T̂1(k) T̂2(k) T̂3(k) T̂4(k) T̂5(k) T̂6(k) R̂th1(k) Ĉth1(k)

R̂th2(k) Ĉth2(k) R̂th3(k) Ĉth3(k) R̂th4(k) Ĉth4(k)

R̂th5(k) Ĉth5(k) R̂th6(k) Ĉth6(k) R̂th,cr1(k) R̂th,cr2(k)]T
. (4.46)

The inputs are the power losses of both chips and the ambient temperature

umc(k) = [P̂loss1(k) P̂loss2(k) Ta(k)]T . (4.47)

The outputs are the two chip temperatures

ŷmc(k) =

[
1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

]
x̂mc(k)

= [T̂1(k) T̂4(k)]T = [T̂chip1(k) T̂chip2(k)]T .
(4.48)

Each time the equations of the thermal network change due to the T̂2-T̂5 relation-based con-
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dition, the changed equations need to be considered when the jacobian matrix of the state
equations is calculated

Fmc(k) =

[
Fmc,1(k) Fmc,2(k)

014,6 E14,14

]
. (4.49)

Herein, 014,6 is a zero matrix with fourteen rows and six columns, and E14,14 is the identity
matrix with fourteen rows and columns. Further, Fmc,1(k) is a matrix with six rows and
columns describing the partial derivatives of the temperature state equations from (4.45) by
the temperature states

Fmc,1(k) =
[
Fmc,3(k) Fmc,4(k) Fmc,5(k)

]
(4.50)

with

Fmc,3(k) =



1− dth
R̂th1(k)Ĉth1(k)

dth
R̂th1(k)Ĉth1(k)

dth
R̂th1(k)Ĉth2(k)

1− dth
R̂th1(k)Ĉth2(k)

− dth
R̂th2(k)Ĉth2(k)

− dth
R̂th,cr1/2(k)Ĉth2(k)

0 dth
R̂th2(k)Ĉth3(k)

0 0
0 dth

R̂th,cr1/2(k)Ĉth5(k)

0 0


, (4.51)

Fmc,4(k) =



0 0
dth

R̂th2(k)Ĉth2(k)
0

1− dth
R̂th2(k)Ĉth3(k)

− dth
R̂th3(k)Ĉth3(k)

0

0 1− dth
R̂th4(k)Ĉth4(k)

0 dth
R̂th4(k)Ĉth5(k)

0 0


, (4.52)

and

Fmc,5(k)=



0 0
dth

R̂th,cr1/2(k)Ĉth2(k)
0

0 0
dth

R̂th4(k)Ĉth4(k)
0

1− dth
R̂th4(k)Ĉth5(k)

− dth
R̂th5(k)Ĉth5(k)

− dth
R̂th,cr1/2(k)Ĉth5(k)

dth
R̂th5(k)Ĉth5(k)

dth
R̂th5(k)Ĉth6(k)

1− dth
R̂th5(k)Ĉth6(k)

− dth
R̂th6(k)Ĉth6(k)


.

(4.53)
Fmc,2(k) is a matrix with six rows and fourteen columns describing the partial derivatives of
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the temperature state equations from (4.45) by the predicted thermal parameters

Fmc,2(k)=
[
Fmc,6(k) Fmc,7(k) Fmc,8(k) Fmc,9(k) Fmc,10(k) Fmc,11(k) Fmc,12a/b(k)

]
(4.54)

with

Fmc,6(k) =



dth
R̂2

th1(k)Ĉth1(k)

(
T̂1(k)− T̂2(k)

) dth
R̂th1(k)Ĉ2

th1(k)

(
T̂1(k)− T̂2(k)− R̂th1(k)P̂loss,1(k)

)
dth

R̂2
th1(k)Ĉth2(k)

(
T̂2(k)− T̂1(k)

)
0

0 0
0 0
0 0
0 0


,

(4.55)

Fmc,7(k) =



0 0
dth

R̂2
th2(k)Ĉth2(k)

(
T̂2(k)− T̂3(k)

) dth
Ĉ2

th2(k)

(
T̂2(k)−T̂1(k)

R̂th1(k)
+ T̂2(k)−T̂3(k)

R̂th2(k)
+ T̂2(k)−T̂5(k)

R̂th,cr1/2(k)

)
dth

R̂2
th2(k)Ĉth3(k)

(
T̂3(k)− T̂2(k)

)
0

0 0
0 0
0 0


,

(4.56)

Fmc,8(k) =



0 0
0 0

dth
R̂2

th3(k)Ĉth3(k)

(
T̂3(k)−Ta(k)

) dth
Ĉ2

th3(k)

(
T̂3(k)−T̂2(k)

R̂th2(k)
+ T̂3(k)−Ta(k)

R̂th3(k)

)
0 0
0 0
0 0


, (4.57)

Fmc,9(k) =



0 0
0 0
0 0

dth
R̂2

th4(k)Ĉth4(k)

(
T̂4(k)− T̂5(k)

) dth
R̂th4(k)Ĉ2

th4(k)

(
T̂4(k)− T̂5(k)− R̂th4(k)P̂loss,2(k)

)
dth

R̂2
th4(k)Ĉth5(k)

(
T̂5(k)− T̂4(k)

)
0

0 0


,

(4.58)
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Fmc,10(k)=



0 0
0 0
0 0
0 0

dth
R̂2

th5(k)Ĉth5(k)

(
T̂5(k)− T̂6(k)

) dth
Ĉ2

th5(k)

(
T̂5(k)−T̂4(k)

R̂th4(k)
+ T̂5(k)−T̂6(k)

R̂th5(k)
+ T̂5(k)−T̂2(k)

R̂th,cr1/2(k)

)
dth

R̂2
th5(k)Ĉth6(k)

(
T̂6(k)− T̂5(k)

)
0


,

(4.59)

Fmc,11(k) =



0 0
0 0
0 0
0 0
0 0

dth
R̂2

th6(k)Ĉth6(k)

(
T̂6(k)−Ta(k)

) dth
Ĉ2

th6(k)

(
T̂6(k)−T̂5(k)

R̂th5(k)
+ T̂6(k)−Ta(k)

R̂th6(k)

)


, (4.60)

and

Fmc,12a(k) =



0 0
dth

R̂2
th,cr1(k)Ĉth2(k)

(
T̂2(k)− T̂5(k)

)
0

0 0
0 0

dth
R̂2

th,cr1(k)Ĉth5(k)

(
T̂5(k)− T̂2(k)

)
0

0 0


(4.61)

or

Fmc,12b(k) =



0 0
0 dth

R̂2
th,cr2(k)Ĉth2(k)

(
T̂2(k)− T̂5(k)

)
0 0
0 0
0 dth

R̂2
th,cr2(k)Ĉth5(k)

(
T̂5(k)− T̂2(k)

)
0 0


. (4.62)

Herein, Rth,cr1 for Rth,cr1/2 and (4.61) for Fmc,12a/b(k) are taken, if T̂5(k) is higher than T̂2(k),
and Rth,cr2 and (4.62) are taken otherwise.

The DEKF-based multichip thermal DT is implemented in an RTS executed on a Typhoon
HIL402 system. In the RTS, the reference chip temperatures Tchip1 and Tchip2 are gener-
ated via a digital reference model, which has the same structure (Fig. 4.36) as used in the
multichip thermal DT. This enables showing that the DT is able to converge to the same
parameter set without previous knowledge about the parameters of the reference model. The
tuning parameters of the DEKF applied for the implementation of the thermal DT in the RTS
are 10−10 for each of the entries of Qmc, which is structured like (4.35) with entries for the
states and parameters of (4.46), and 10−4 for STchip1 and STchip2 . The time step of the electrical
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Fig. 4.37: Convergence of the multichip Cauer network parameters in p.u. of their references using
the DEKF-based thermal DT in the RTS.

RTS dexe is chosen as 10µs and the time step of the thermal RTS dth as 800µs. For the elec-
trical simulation, the IGBTs of two buck converters are considered. The input voltages of the
buck converters are chosen as 400V, the switching frequencies as 1kHz, the load resistors
as 16Ω, and the inductors as 0.01H. The duty cycle of the first buck converter is switched
between 0.2 and 0.8, each value is applied alternating for 1s resulting in a square wave with
2s period. For the duty cycle of the second buck converter, the same profile shifted by 180◦

to the duty cycle profile of the first buck converter is applied. The prediction and correc-
tion of the DEKF-based multichip thermal DT is executed in each step of the thermal RTS
dth = 800µs.

The convergence of the parameters can be seen in Fig. 4.37. It can be seen that the parameters
of the chain elements farthest away from the chip converge to the reference values later than
those close to the chip. All parameters converged after approximately 250s to the reference
values. With the DEKF execution time of 800µs this results in approximately 312500 cycles
of prediction and correction until the convergence is reached.

The validation in the laboratory is done on the setup shown in Fig. 4.38. Further, Fig. 4.39
shows the connection scheme of the different components of the setup. The used equipment
is listed in Table 4.12, the dc link voltage is 300V, the loads have 18Ω, the inductors of the
buck converters have 1.8mH. The DSP provides the gate signals to the physical converter,
which is based on an open power module. The thermal DT is executed on the real-time sim-
ulator. The temperatures on the physical converter are measured with optic fiber temperature



4. Thermal digital twins for condition monitoring and temperature observation 121

Fig. 4.38: Laboratory setup for the thermal DT with (a) general components and (b) optic fiber tem-
perature sensor placement in the open IGBT module.

Fig. 4.39: Scheme of the connections in the laboratory setup for the thermal DT.

Table 4.12: Equipment used in the laboratory setup for the thermal DT.

Equipment Manufacturer Model
Real-time simulator Typhoon HIL HIL402

Digital signal processor Texas Instruments TMS320F28379D
dc voltage source Elektro Automatik EA-PSI 81000-30

Oscilloscope Tektronix DPO 3014
Current probes Tektronix TCP0030A

Low voltage probes Tektronix P6139A
Optic fiber signal conditioner Opsens Solutions PSC-D-N-N-N

Optic fiber temperature sensors Opsens Solutions OTG-A
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sensors, which are connected to a signal conditioner. The delay induced by the optic fiber
temperature sensors and the filtering in the signal conditioner are also modeled in the real-
time simulator. For recording high sampled temperature profiles, an oscilloscope is used.
The square-wave inputs for the duty cycles of the buck converters have a period of 10s in the
laboratory. The two IGBTs, which are next to each other in the power module (Fig. 4.38 (b)),
are switched on for 5s alternating.

For the laboratory implementation of the DEKF-based multichip thermal DT, a reduced ther-
mal model (neglecting R̂th3, Ĉth3, R̂th6, and Ĉth6 from Fig. 4.36) is used for representing the
thermal behavior of the laboratory prototype. Using more chain elements leads to a con-
vergence of the parameters of these chain elements to regions where they have insignificant
impact on the chip temperatures. The tuning parameters of the DEKF applied for the im-
plementation of the thermal DT in the laboratory are 10−10 for Qmc,T̂chip1

, Qmc,T̂2
, Qmc,T̂chip2

,
Qmc,T̂5

, Qmc,R̂th,cr1
, Qmc,R̂th,cr2

, 10−12 for Qmc,R̂th1
, Qmc,R̂th4

, 10−9 for Qmc,Ĉth1
, Qmc,Ĉth4

, 10−11

for Qmc,R̂th2
, Qmc,R̂th5

, 10−8 for Qmc,Ĉth2
, Qmc,Ĉth5

, and 10−2 for STchip1 and STchip2 . Fig. 4.40
presents how the parameters converge towards their final values. The capacitances farthest
from chip take longer to converge than the other thermal parameters. Further, the second
thermal cross coupling resistor R̂th,cr2 has only low impact on the thermal behavior, because
the mean of the second chip temperature Tchip2 (corresponding to T̂4 in Fig. 4.36) is higher
than the mean of Tchip1 (corresponding to T̂1 in Fig. 4.36). The measured and estimated chip
temperatures after convergence are shown in Fig. 4.41.

Fig. 4.40: Convergence of the multichip Cauer network parameters in p.u. of their references using
the DEKF-based thermal DT in the laboratory.
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Fig. 4.41: Chip temperature measurements in the laboratory and estimations by the DEKF-based mul-
tichip thermal DT for both IGBTs.

The results of the multichip thermal DT implementation are:

• A multichip Cauer network has been proposed, which is able to represent the tempera-
tures of multiple chips with thermal cross coupling effects and provides a low number
of temperature states and thermal parameters. This makes the network suitable for
the implementation in thermal DTs, as it provides a significantly lower computational
burden than applying a linear accumulation of all impacts of heat sources on the tem-
peratures with more states and parameters.

• The RTS of the multichip thermal DT with digital thermal reference model showed
that the DT is able to converge to the same parameter set without previous knowledge
about the parameters of the reference model.

• The implementation of the multichip thermal DT in the laboratory setup proved the
ability to represent the thermal behavior of real power semiconductors precisely.

4.4. Summary and conclusions of the chapter

This chapter introduced the fundamentals of thermal modeling at first in Section 4.1. The
basic components of thermal modeling and their analogy to the electrical modeling were
presented. Commonly used thermal networks - Foster and Cauer networks - to represent the
thermal behavior of a single chip temperature in relation to a reference point temperature
have been introduced. An approach to model multiple chip temperatures with thermal cross
coupling effects has been presented, it is based on the linear accumulation of all impacts of
heat sources on the temperatures.
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The essential influence of the temperature on the reliability of power semiconductor modules
was highlighted in Section 4.2. For this purpose, the degradation mechanism evoked by
thermal cycles was explained, a method for lifetime estimation of power semiconductors
based on thermal cycle (rainflow) counting as well as existing lifetime models and their
limitations were presented, and a review on condition monitoring possibilities for power
semiconductors via their thermal behavior was given.

Section 4.3 proposed the digital twin (DT)-based observation of the power semiconductor
thermal behavior. The basic principle of the thermal DT was explained and two approaches
were proposed. The first approach is based on a particle-swarm-optimization (PSO) and
the second approach on a dual extended Kalman filter (DEKF). It has been shown that both
approaches are able to identify the thermal parameters of a digital reference model in a
real-time simulation (RTS). Hereby, thermal parameters of model parts closer to the chip
temperature converge faster to the parameters of the digital reference model than parameters
of model parts further away from the chip temperature. This is due to the fact that parameters
of model parts closer to the chip have a higher impact on the chip temperature.

Thereafter, a comparison of both approaches was carried out. The PSO-based thermal DT
provides a lower computational burden than the DEKF-based thermal DT. The computational
burden of the PSO-based thermal DT increases linearly with extending the thermal network,
whereas the one of the DEKF-based thermal DT increases quadratically. The DEKF-based
thermal DT provides significantly higher convergence speed of the estimated thermal pa-
rameters to the reference ones than the PSO-based thermal DT. The optimizer coefficient
tuning of the DEKF-based thermal DT provides a wider range which leads to convergence
than the one of the PSO-based thermal DT. The convergence of the DEKF-based thermal DT
shows significantly higher robustness to input profile variations compared to the one of the
PSO-based thermal DT, which requires a specific characterization operation profile of the
converter. The potential of an asynchronous execution of the optimization is higher for the
PSO- compared with the DEKF-based thermal DT, because it could compensate significant
drawbacks of the PSO- compared to the DEKF-based thermal DT.

Finally, a DEKF-based multichip thermal DT was propsed. For this purpose, a new multichip
Cauer network was presented, which is able to represent the temperatures of multiple chips
with thermal cross coupling effects and provides a low number of temperature states and
thermal parameters. This makes the network suitable for the implementation in the thermal
DT, as it provides a significantly lower computational burden than applying a linear accu-
mulation of all impacts of heat sources on the temperatures with more states and parameters.
The RTS of the multichip thermal DT with digital thermal reference model showed that the
DT is able to converge to the same parameter set without previous knowledge about the ref-
erence parameters. The implementation of the multichip thermal DT in the laboratory setup
proved the ability to represent the thermal behavior of real power semiconductors.
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5. Reliability-driven active thermal control and design for
failure tolerance

This chapter mainly deals with approaches aiming to increase the reliability of STs. It consid-
ers two paths to do this - reducing or relocating the thermal stress of power semiconductors
via active thermal control (ATC) methods and utilizing the lower converter loading within
the interconnected topology (IT) of the ST to insert additional failure tolerance. The semi-
conductor temperatures derived with the thermal digital twins introduced in Section 4.3 can
be used in the ATC methods as feedback signal to close the control loop.

The chapter is organized as follows: Based on [21], a review of ATC methods used in power
electronics systems as well as an evaluation of these methods for the use in the ST are given
in Section 5.1. Section 5.2 elaborates on the graph theory-based modeling used for power
routing on basis of [32, 33] by introducing the basics of graph theory-based modeling of
power electronics converter systems, describing its application in hybrid grids-feeding STs,
as well as revealing and validating a modeling method with higher accuracy for the loss
description than the state-of-the-art method. Next, a new third harmonic clamped modula-
tion method - originally presented in [34] - is described, theoretically compared with the
first harmonic clamped modulation method, and validated in the laboratory in Section 5.3.
Afterwards, Section 5.4 carries out a mission profile-based failure analysis for the hybrid
grids-feeding ST topologies and reveals the opportunity for additional failure tolerance in
the IT, based on [27, 28]. A summary and the conclusions of the chapter can be found in
Section 5.5.

5.1. Review on Active Thermal Control

This section deals with ATC methods reducing or relocating thermal stress of semiconduc-
tors, which induces mechanical strain between their different material layers. As presented
in Section 4.2, this mechanical strain is the root-cause of semiconductor degradation and
their wear-out related failure. Fig. 5.1 shows how the semiconductor reliability is addressed
on different levels of the system:

• On a component level, the condition monitoring (CM) methods - such as those pre-
sented in Section 4.2.3 - can be the basis of estimating the remaining useful lifetime
(RUL).

• On a converter or building block level, ATC methods can be applied to reduce the ther-
mal stress of the semiconductors, therefore, decreasing the mechanical strain induced
and extending the RUL of the converter.
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Fig. 5.1: Levels of condition monitoring (CM) and active thermal control (ATC) application and their
role in estimating and influencing the remaining useful lifetime (RUL) (adapted from [147]).

• On a converter system level, ATC methods - such as power routing - can be applied
to relocate the thermal stress of semiconductors from further degraded system parts to
less degraded parts, the RUL of the different system parts can be equalized.

Many ATC methods require a temperature as feedback signal to close the control loop. This
temperature can be provided by the thermal digital twins described in Section 4.3.

In this section, an overview of ATC methods used for power electronics systems is given. The
different methods are assigned to four main challenges that are addressed in research articles
in this area. Further, the potential objectives of the articles assigned to these four main
challenges are presented. Afterwards, an evaluation of ATC methods for the application case
ST is carried out.

5.1.1. Overview on active thermal control methods

The ATC methods presented in research articles for power electronics systems can be as-
signed to four main challenges, which are:

• Increasing the overload capability of power electronics converters.

• Thermal cycle reduction of power devices in power electronics converters.

• Balancing thermal stress of power devices within specific topologies or for parallel
power devices.

• Controlling thermal stress of devices in different building blocks in modular and
redundant power electronics systems as well as on a microgrid level.

The research articles about ATC methods for power electronics systems inspected during
the literature review that could be assigned to the four main challenges are presented in
Table 5.1.
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Table 5.1: Possible application of active thermal control.

Increasing overload
capability

Thermal cycle reduction Balancing thermal
stress of power

devices

Controlling thermal
stress of devices in
different building

blocks

M
et

ho
ds

Loss reduction at

thermal limits of

semiconductors

• PWM frequency
reduction [148–
155]

• Current limit
reduction
[148–150, 152,
153, 156–159]

• Duty ratio reduc-
tion [154, 155]

• Adaption of
current limit
to coolant
temperature
and frequency
[157, 160]

• Adaption of
dc-link voltage
[161, 162]

Switching loss manipulation

• Gate resistance manipulation [163, 164]

• PWM frequency manipulation [149–151, 153, 154,
163, 165–185]

• Step-wise gate drivers [186–190]

• Gate voltage manipulation [191–195]

• Dead time manipulation [196]

• Manipulation of turn-on and turn-off time [197]

• Active shoot-through [198]

Loading manipulation

• Reactive power circulation [199–203]

• Adaption of current or voltage limit [153, 174, 175,
194]

• Flux control of electric machines that yields opti-
mized losses in the inverter [204, 205]

• Thermal stress reduced maximum power point
tracking [206–208]

• Current increment in drives during low load [178–
181, 209, 210]

• Adjustment of deceleration slope in drives [177]

• Grid load control via voltage and frequency sensi-
tivity [211, 212]

Manipulation of the convection interface

• Cooling fan control [213–216]

• Liquid cooling pump control [217, 218]

• Thermoelectric cooling control [219]

Manipulation of the Modulation Process

• Discontinuous PWM [165, 175, 177, 178, 181, 194,
220–222]

• Duty cycle manipulation in DAB [223]

• Model predictive control [224–226]

• Buffer voltage manipulation in buck active power
decoupling circuit [227]

Parallel power

semiconductors

• Thermal balanc-
ing in multichip
modules
[22, 228–234]

• Thermal balanc-
ing in parallel
power modules
[23, 235–237]

Balancing thermal

stress within

topologies

• Balancing stress
of the devices in
a topology [24,
238–251]

Series connected

building blocks

• Thermal balanc-
ing in modular
multilevel con-
verter [252–262]

• Thermal balanc-
ing in cascaded
H-bridge
converters
[34, 263–269]

Parallel building

blocks

• Parallel convert-
ers [194, 222,
268, 270–281]

• Load sharing in
microgrids [282–
287]

Coordinated

control of specific

components

• Power routing
[25, 54, 147,
279, 288–295]

System level uti-

lization of redun-

dancy

• Power routing
in multi-phase
drives [296–299]



5. Reliability-driven active thermal control and design for failure tolerance 128

Fig. 5.2: Distribution of inspected research articles on ATC methods for power electronics systems
among the different challenges addressed.

One special case, that does not fit into these four main challenges, is the challenge of increas-
ing the temperature of the power devices in power electronics converters for more electric
aircraft applications in order to reduce cosmic ray related failures [300]. Another special
case is the challenge of keeping the temperature of potential cold spots above the dew point
to avoid condensation in power electronics systems for offshore wind power applications
[301].

The distribution of the inspected articles among the different challenges addressed in Fig. 5.2
reveals that especially the reduction of thermal cycles and the relocation of thermal stress in
the system are of high interest for power electronics applications of ATC methods. Within the
challenge of thermal cycle reduction the manipulation of the switching frequency to directly
influence the switching losses of the power devices by reducing or increasing the number of
hard switching events is often used. This is due to the simple implementation of an adjustable
switching frequency on digital signal processors as well as the linear influence of changing
the switching frequency on the switching losses. Within the challenge of controlling thermal
stress of devices in different building blocks the method of power routing is used in different
variations for parallel converters, maintenance scheduling in modular converter systems as
well as in multiphase drives. The principle of power routing in all variations is that multiple
parallel power paths in the system are available and the thermal stress is relocated among
them by increasing the loading of some paths in order to decrease the loading on other
paths.

The potential objectives of the ATC utilization concerning the four main challenges are listed
in Table 5.2. Within the challenge of increasing the overload capability of power electronics
converters, the potential objectives have in common that a safe operation close to the ther-
mal limits needs to be ensured. If it is ensured, it is possible to use higher loading of the
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Table 5.2: Potential control objectives of active thermal control.

Increasing overload capability Thermal cycle reduction Balancing thermal
stress of power

devices

Controlling thermal
stress of devices in
different building

blocks

Po
te

nt
ia

lo
bj

ec
tiv

es

• Safe and reliable operation close
to thermal limits

• Reduced design margin between
maximal junction temperature
during operation and maximal
rated junction temperature

• Full utilization of the instanta-
neous converter power capabil-
ity at given boundary conditions,
e.g. EV-charger adapts its peak
power

• Transient operation at thermal
limits, e.g. for peak torque gen-
eration of electrical drives

• Provision of maximum possible
short-circuit current in case of
grid faults to trigger fuses

• Reducing thermal cycles in-
duced fatigue in the converter
components

• Increasing the operational life-
time of power converters

• Preserving reliability, safety and
operational lifetime while reduc-
ing the power rating of existing
power modules

• Reducing the variance of fatigue
that occurs in power convert-
ers, which enables smaller de-
sign margins

• Balancing thermal
stress of paralleled
power converter
components

• Homogenizing the
degradation and
time-to-failure of
power converter
components

• Compensating
thermal design
imbalances
yielding more
design freedom

• Relief loading
from power con-
verter components
which overheat

• Controlling
loading distribu-
tion on system
components

• Equalizing the
state of health
(SoH) of parallel
system power
paths

• Controlling
remaining useful
lifetime (RUL)

• Achieving
optimized mainte-
nance schedules

converters for different purposes. The potential objectives within the challenge of thermal
cycle reduction are either directed towards an increase of the possible operational lifetime or
towards reducing the power rating of the used power devices while same operational lifetime
is ensured. Potential objectives related to the challenge of balancing thermal stress of power
devices mainly aim to have an equal distribution of temperature in the power devices.

The potential objectives within the challenge of controlling thermal stress of devices in dif-
ferent building blocks differ from those related to the other challenges, because most of
them need information about the state of health (SoH) or even estimation of the RUL to be
achieved. Therefore, the CM methods presented in Section 4.2.3 are essential to enable the
usage of the ATC methods and the accomplishment of the potential objectives related to this
challenge.

5.1.2. Evaluation of active thermal control methods for the ST

The ST related significance of the four main challenges addressed by ATC methods is eval-
uated in a first step by discussing the potential benefits of achieving the objectives from
Table 5.2 for the ST.

The relevance of the objectives related to the challenge of increasing overload capability
is low, considering the normal operation of the ST, because during normal operation the
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converters in the ST will not be driven close to the thermal limitations of their power devices.
However, depending on the used protection schemes in the underlying low voltage grids it
might be necessary to provide high overcurrent capability to trigger fuses [44, 302, 303]. In
this case, using ATC to provide as much overcurrent as possible without endangering the
power devices can be highly beneficial [159]. Even though this topic is of high interest for
the integration of STs into the distribution system, it is out of the scope of this work.

Some of the objectives related to the challenge of thermal cycle reduction are generally
relevant for the application case ST. Reducing the rating of power modules would be not
suitable, because this would also reduce the possible operating area, as it can be seen in
the mission profile-based converter design from Section 3.2. Increasing the lifetime of the
converters in the ST would be beneficial. However, the ST is composed of many different
converters, implementing ATC methods for each of the converters would result in a very high
complexity of the ST control system. Furthermore, depending on the chosen ATC methods,
the ATC application on each of the converters could influence the neighboring converters as
well as the general system control.

The objectives related to the challenge of balancing thermal stress of power devices can
be relevant for the ST, if multichip or parallel power modules or topologies which require a
thermal balancing - such as an active neutral point clamped converter - are utilized. However,
this does not have to be necessarily the case and the challenge is not primarily ST specific.

The relevance of the objectives related to the challenge of controlling thermal stress of de-
vices in different building blocks is very high for the application case ST. This is due to the
modular structure of the ST with multiple parallel power paths. Single converter modules
could be replaced during maintenance resulting in a system composed of many differently
degraded modules [25, 293]. Power routing is a suitable method to address this basic nature
of the ST and especially its graph theory-based version provides the possibility of facilitated
description of the STs complex converter system [279]. However, power routing is not able
to change the thermal stress on the cascaded H-bridge (CHB) cells of the ST topologies pre-
sented in Section 3.1 significantly. Therefore, discontinuous modulation has been proposed
to influence the thermal stress within the CHB [263–269].

Due to the high relevance for the ST, this work elaborates on the graph theory-based model-
ing used for power routing by adapting the methodology to be suitable for the hybrid grids-
feeding ST based on [32, 33]. Further, a new discontinuous modulation method for the CHB
is proposed - originally presented in [34] -, which can be applied parallelly to power routing
without influencing the routing of the power.



5. Reliability-driven active thermal control and design for failure tolerance 131

5.2. Graph theory-based modeling for power routing

This section elaborates on the methodology of graph theory-based modeling for power rout-
ing, which has been identified as highly relevant for the application case ST in Section 5.1.
The methodology is adapted to be suitable for the description of the hybrid grids-feeding ST
in form of the IT presented in Section 3.1. For this purpose, the flow conservation constraint
(FCC) [33, 279, 292], which is often used in graph theory, is questioned and a modeling with
non-conserved flows (NCF) is proposed to be used for describing the IT via graph theory.
Using NCF instead of considering FCC provides a more accurate description of the losses
in the converter system, which is especially of high relevance for the IT due to its inher-
ited opportunity of significant efficiency improvement by routing the power, as presented in
Section 3.3.

In this section, the basics of graph theory-based modeling of power electronics converter
systems are introduced at first. Next, the graph theory-based modeling is applied to a down-
scaled version of the IT and the difference between FCC- and NCF-based modeling is exam-
ined analytically. Afterwards, the impact of using NCF- instead of FCC-based modeling on
the losses is validated in the laboratory.

5.2.1. Graph theory-based modeling of power electronics converter systems

The configuration of power electronics converter systems and the different power flows
within these systems can be represented by directed graphs G = (N, A) [304–306]. Such
a direct graph G contains a set of nodes N describing converters or connection points of the
system and a set of arcs A describing the connections between the nodes as well as their di-
rection. The basic components of the graphs used in this work can be seen in Fig. 5.3. Each
of the arcs (Fig. 5.3 (a)) is defined as a 2-tuple of the node it originates from and the node it
ends in. A power flow is assigned to each arc, which flows from the originating node to the
ending node.

There are four kinds of nodes:

• A source node S ∈ N can be only the origin of arcs and represents a power input to the
converter system.

Fig. 5.3: Basic components used for graph theory-based modeling of PE converters: (a) arc with
assigned power flow connecting two nodes, (b) source node, (c) sink/end node, (d) converter
node, and (e) virtual node.
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• A sink/end node E ∈ N can be only the end of arcs and represents a power output of
the converter system.

• A converter node c ∈ N has one arc ending in and one arc originating from the node.
In this work each converter node represents a full converter or - in case of the CHB - a
cell of a converter.

• A virtual node v ∈ N can have multiple arcs ending in and multiple arcs originating
from the node. Independent of the other graph modeling constraints the sum of power
flows of arcs ending in the node are equal to the sum of power flows of arcs originat-
ing from the node. Virtual nodes represent connection points of the converter system
where inputs or outputs of more than two converters are linked, such as the dc-link in
the IT.

If power electronics converter systems are modeled, a necessary side constraint for the di-
rected graph is the limitation of power flows assigned to the arcs. The power flows are limited
to positive values below the lowest power rating of the converters whose nodes are connected
by the arc

0 ≤ Pj,k ≤ Prated, j,k for all ( j,k) ∈ A . (5.1)

An often used side constraint for graphs is the FCC [33, 279, 292], which defines that the
power flow of the arc ending in a converter node is equal to the power flow of the arc origi-
nating from this converter node

∑
j∈N

Pj,k = ∑
j∈N

Pk, j for all k ∈ N \{S,E} . (5.2)

Therefore, the sum of all power flows assigned to arcs originating from source nodes is equal
to the sum of all power flows assigned to arcs ending in sink nodes for considering FCC.

Fig. 5.4: Example of (a) an IPOP DAB converter and (b) its graph theory-based modeling.
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An example for using the graph theory-based modeling of a power electronics converter
system is the application of power routing for reliability [33, 279, 292] on an input-parallel-
output-parallel (IPOP) connection of multiple DABs (Fig. 5.4). To insert the converter reli-
ability in the representation by the graph a weight is assigned to each arc originating from a
converter node

Wj,k = f
(
ρ j
)

for all j ∈ N \{S1,E1} . (5.3)

This weight is getting higher the further the components of the converter are degraded. To
determine the degradation states and subsequently the weights, condition monitoring meth-
ods presented in Section 4.2.3 are necessary.

The optimal power routing to increase the reliability of the IPOP DAB converter can be
calculated via the minimum cost convex flow problem

min
P∈Ra

(
∑

j∈{c1,c2,...,ca}
Wj,E1P2

j,E1

)
(5.4)

formulated as objective function based on the representation by the graph. One further con-
straint is that the sum of power flows assigned to arcs ending in the sink node E1 ∈ N have
to be equal to the output power of the converter system

∑
j∈{c1,c2,...,ca}

Pj,E1 = Pout . (5.5)

The systematic description by graph theory can facilitate the formulation of the objective
function as well as the constraints for complex power electronics converter systems.

5.2.2. Graph theory-based modeling of hybrid grids-feeding Smart Transformers

The potential of using power routing in solely parallel structures of power converter systems
as presented in Fig. 5.4 is mainly the equalization of SoH of the parallel power paths or to
achieve optimized maintenance schedules. The efficiency plays only a minor role for such
structured systems, because changing the power distribution of the total output power among
the different power paths has minor impact on the system efficiency [279, 292]. Furthermore,
an equal distribution of the total output power among the different power paths would give
optimal efficiency for assuming that all power paths have the same loss characteristics and
that the system is not in light load operation. This is due to the quadratic rising behavior of
the losses with the output power of the converters. Therefore, including the efficiency of the
system into the objective function of power routing would only counteract the distribution
made based on the reliability of the converters to a minor degree.
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The non-interconnected topology (NIT) of the hybrid grids-feeding ST presented in Sec-
tion 3.1 is similar to a parallel structured power converter system. For the graph theory-based
modeling of such systems, the FCC is often considered, because it makes the resulting prob-
lem much easier to solve. Using the FCC neglects that the losses of converters are added to
the loading of other converters in the real system. However, if the efficiency plays only a
minor role for the objective function of the power routing method, using FCC will also have
only minor impact on the power distribution among the different power paths.

In opposite to the NIT, applying power routing in the IT can have a significant impact on
the efficiency, as it has been shown for passive power routing in Section 3.3. Therefore, the
efficiency might play a significant role in a multiobjective optimization function for power
routing in the IT. So, a FCC-based graph modeling of the IT could have a significant impact
on the power distribution among the different power paths in the system.

For this reason, the resulting total system losses of an FCC-based graph modeling of the IT
are compared to those of a NCF-based one. The analysis is done on a down-scaled version
of the IT with ξ = 1

3 - shown in Fig. 5.5 - to demonstrate the graph theory-based modeling
approach by nodes and arcs. For this analysis on the down-scaled version, the power ratings
and semiconductor modules listed in Table 5.3 and a down-scaled MVac RMS phase-to-
phase voltage of 2.2kV are assumed. 150kW are considered as 1 p.u. in this section.

The graphs representing the down-scaled version of the IT are shown in Fig. 5.6. A specialty

Fig. 5.5: Down-scaled version of the IT (with ξ = 1
3 ) for demonstrating the graph theory-based mod-

eling.
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Table 5.3: Considered converter power ratings and power semiconductor modules for the graph
theory-based modeling of the down-scaled IT.

Converter Power rating Semiconductor module
CHB cell 20kW FP40R12KE3

DAB connected to CHB 20kW FP25R12KE3
All MVac PEBBs 180kW -

Interconnecting DAB 160kW FF200R12MT4
Three phase inverter 160kW FF200R12MT4

in this description is that physically all CHB cells are connected in series, however, the power
processed by the different cells can be controlled by giving different modulation indices to
each of them. Therefore, the graphs represent the CHB cells as parallel paths to describe the
power flow. Depending on the operation point of the LV grids (PLVac PLVdc) and if power is
drawn from or fed into the MVac grid, the appropriate graph has to be chosen. Due to the
high relevance of the first quadrant of the PLVac-PLVdc-plane shown in Chapter 3, the analysis
is executed for the graph shown in Fig. 5.6 (a).

The graph contains a set of nodes

N = {S1,E1,E2,c1,c2,c3,c4,c5,c6,c7,c8,v1,v2} (5.6)

where S1 ∈ N represents the sourcing MVac grid, {E1,E2} ∈ N represent the power consum-
ing LVac and LVdc grids, {c1,c2,c3} ∈ N represent the CHB cells and {c4,c5,c6} ∈ N the
MVac PEBB DABs for all three phases in balanced operation, c7 ∈N represents the intercon-
necting DAB, c8 ∈ N represents the LVac three phase inverter, and {v1,v2} ∈ N are virtual
nodes used to model the dc-link and the converter connections at the LVdc feeder. Further,
the graph is described by a set of arcs

A = {(S1,c1),(S1,c2),(S1,c3),(c1,c4),(c2,c5),(c3,c6),

(c4,v1),(c5,v1),(c6,v2),(v1,c7),(c7,v2),

(v2,c7),(c7,v1),(v2,E2),(v1,c8),(c8,E1)}

(5.7)

which define the connections between the nodes as well as their direction. To represent the
losses of the converters in the graph, the arcs originating from a converter node have a related
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Fig. 5.6: Graph theory based modeling of the down-scaled version of the IT (with ξ = 1
3 ) for (a)

power consumption in both LV grids, (b) power consumption only in LVac grid, (c) power
consumption in LVac grid and feeding power to the MVac grid, (d) only feeding power to
the MVac grid, (e) power consumption only in the LVdc grid, and (f) power consumption in
the LVdc grid and feeding power to the MVac grid.

non-linear weight

W (A) =

{
0,0,0,

1
ηc1,b

−1,
1

ηc2,b
−1,

1
ηc3,b

−1,

1
ηc4,b

−1,
1

ηc5,b
−1,

1
ηc6,b

−1,0,

1
ηc7,f

−1,0,
1

ηc7,b
−1,0,0,

1
ηc8,f

−1

} (5.8)

calculated based on the efficiency curves introduced in Section 3.1.
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The initial case distinction according to Fig. 5.6 identifies most power flow directions in the
graph. However, inside these cases the interconnecting DAB could still transfer power from
dc-link to LVdc feeder or vice versa. Therefore, both power directions of the interconnecting
DAB are modeled inside the graphs by separate arcs. However, the interconnecting DAB can
only transfer power in one direction at a time. Therefore, another necessary side constraint
is

Pc7,v2 = 0∨Pc7,v1 = 0 . (5.9)

Furthermore, the virtual nodes add more side constraints to the problem description

Pc4,v1 +Pc5,v1 +Pc7,v1 = Pv1,c8 +Pv1,c7 (5.10)

Pc6,v2 +Pc7,v2 = PLVdc +Pv2,c7 . (5.11)

The side constraints mentioned above are valid for the modeling with FCC as well as with
NCF.

The following gives the further side constraints to the problem description by considering
FCC. The direct implication of using FCC is that the power flow assigned to the arc that
ends in a converter node is equal to the power flow assigned to the arc originating from this
converter node. This results for the converter nodes of the CHB cells {c1,c2,c3} ∈ N as well
as those of the MVac PEBB DABs {c4,c5,c6} ∈ N in the side constraintsPS1,c1

PS1,c2

PS1,c3

=

Pc1,c4

Pc2,c5

Pc3,c6

=

Pc4,v1

Pc5,v1

Pc6,v2

 . (5.12)

For the power flows of the arcs ending in or originating from the converter node c7 ∈ N

describing the interconnecting DAB, the following side constraints are added:(
Pv1,c7

Pv2,c7

)
=

(
Pc7,v2

Pc7,v1

)
. (5.13)

The last side constraint describes the power flows of the arcs assigned to the converter node
c8 ∈ N of the LVac three phase inverter

Pv1,c8 = PLVac . (5.14)

The simple relations between the power flows of the converter system given by the FCC-
based modeling provide fast execution times for solving the problem description. However,
considering FCC adds inaccuracy to the described losses, because it neglects that the losses
of converters are added to the loading of other converters in the real system.
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The alternative - not considering FCC - is referred to as modeling based on non-conserved
flows (NCF) in this work. This consideration is realized by adding the losses of a converter
to the power flow of the arc ending in the node of that converter. The losses of a converter
are calculated based on the power flow assigned to the arc originating from its node - the
output power of the converter - by non-linear efficiency curves as described in Section 3.1.
This results for the converter nodes of the CHB cells {c1,c2,c3} ∈ N as well as those of the
MVac PEBB DABs {c4,c5,c6} ∈ N in the side constraints

PS1,c1

PS1,c2

PS1,c3

=


1

ηc1,b
Pc1,c4

1
ηc2,b

Pc2,c5

1
ηc3,b

Pc3,c6

=


1

ηc1,b

1
ηc4,b

Pc4,v1

1
ηc2,b

1
ηc5,b

Pc5,v1

1
ηc3,b

1
ηc6,b

Pc6,v2

 . (5.15)

For the power flows of the arcs ending in or originating from the converter node c7 ∈ N

describing the interconnecting DAB, the following side constraints are added:

(
Pv1,c7

Pv2,c7

)
=

 1
ηc7,f

Pc7,v2

1
ηc7,b

Pc7,v1

 . (5.16)

The last side constraint describes the power flows of the arcs assigned to the converter node
c8 ∈ N of the LVac three phase inverter

Pv1,c8 =
1

ηc8,f
PLVac . (5.17)

The NCF-based modeling provides a more accurate description of the converter loading in
the system compared FCC-based modeling. Therefore, also the system losses calculated
based on the NCF-based modeling are more accurate. However, solving the problem de-
scription based on the complex non-linear relations of the power flows - as described in Sec-
tion 3.1 - requires longer execution times than solving the one using the simple FCC-based
modeling.

Based on the description by the graph and the side constraints, the total losses of the converter
system can be calculated by

Psys,loss = ∑
b∈A

WbPb . (5.18)

The total losses of the converter system under the consideration

PS1,c1 = PS1,c2 = PS1,c3 (5.19)

are used to evaluate the inaccuracy added by considering FCC to the loss description com-
pared to the NCF-based modeling.

The total losses of the converter system in relation to the output power of the IT are shown
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Fig. 5.7: Total system losses divided by output power of the down-scaled IT based on (a) FCC mod-
eling and (b) NCF modeling.

in Fig. 5.7 (a) for the FCC-based and in Fig. 5.7 (b) for the NCF-based modeling. The
losses calculated by the NCF-based modeling are higher than those of the FCC-based mod-
eling, because it does not neglect the additional loading by the losses of converters on other
converters in the system.

The direct comparison of the total losses calculated with both approaches in Fig. 5.8 shows
how much higher the NCF-based calculated losses Psys,loss,NCF are than the FCC-based cal-
culated losses Psys,loss,FCC

∆Psys,loss,rel =
Psys,loss,NCF −Psys,loss,FCC

Psys,loss,FCC
100% . (5.20)

Depending on the operation point of the LV grids considering FCC is causing up to 4% error

Fig. 5.8: Comparison of losses calculated with NCF to those calculated with FCC.
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of the total system losses compared to a more accurate NCF-based modeling. The relative
error in the losses by considering FCC increases with the power consumption in the LV grids
due to the growing neglected loading by the losses. The operation points with unloaded
interconnecting DAB - approximately at PLVdc

PLVac
= ξ

1−ξ
= 1

2 - can be identified by the change
in the increasing behavior of the relative losses difference. Below this line of operation
points the interconnecting DAB transfers power from the LVdc feeder to the dc-link and
above vice versa. For power flow from the LVdc feeder to the dc-link - below the line -, the
losses of the interconnecting DAB need to be provided by the MVac PEBBs connected to the
LVdc feeder, whereas for opposite power flow these losses need to be provided by the MVac
PEBBs connected to the dc-link. Therefore, below the mentioned line, the losses of the
interconnecting DAB need to be provided by a lower number of parallel MVac PEBBs than
above this line, which causes higher additional losses considering the decreasing efficiency
of the converters above their peak efficiency operation point.

The results of the graph theory-based modeling of the losses in the ST are:

• The graph modeling with flow conservation constraint can have a significant impact
on the total system losses of power electronics converter systems.

• The graph modeling with non-conserved flows provides an accurate representation of
the losses in power electronics converter systems and should be preferred, if losses or
efficiency are an important variable in the optimization process to find the power flow
distribution.

Fig. 5.9: Setup and equipment for validation of NCF-based modeling impact on losses.
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Table 5.4: Equipment used for validation of NCF-based modeling impact on losses.

Equipment Manufacturer Model
dc voltage source Elektro Automatik EA-PSI 81000-30

Digital signal processor Texas Instruments TMS320F28379D
Passive load Frizlen BW83
Oscilloscope Tektronix DPO 3014

Current probes Tektronix TCP0030A
Voltage probes Tektronix THDP0200
Power analyzer Yokogawa WT1800

Signal conditioners Signaltec MCTS
(current signals power analyzer)
Current sensors (power analyzer) Dewetron PM-CM-200

Table 5.5: Experimental setup parameters for validation of NCF-based modeling impact on losses.

Symbol Representation Value
Vs MVac PEBB cell voltages 250V

Vload Load voltage 250V
Vlink Voltage of link between DABs 250V

CDAB,in / CDAB,out DAB input and output capacities 0.5mF
LDAB DAB inductances 65µH

n Transformer turn ratio DABs 1
fsw,DAB DAB switching frequency 20kHz

5.2.3. Laboratory validation of non-conserved power flow modeling impact on losses

The laboratory validation of the NCF-based modeling impact on the total losses is done
with two DABs of the DAB laboratory setup presented in Section 3.3. The setup and the
equipment are shown in Fig. 5.9 and listed in Table 5.4. Further, the used parameters of the
experimental setup are listed in Table 5.5.

The series connection of the two DABs is considered for the validation. The NCF-based
calculation of the losses can be represented by operating the DABs also physically con-
nected in series and measuring the input and load power of the converter system, as shown
in Fig. 5.10 (a). However, for representing the FCC-based calculation of the losses with the
real laboratory setup, it is necessary to recreate the condition that the first DAB has the same
output power as the second one. This can be achieved by operating both of the DABs sepa-
rately with the same output power, measuring the losses separately, and summing the losses
of both DABs afterwards, as shown in Fig. 5.10 (b). In this way, the total converter system
losses with conserved power flow through both DABs can be measured.

The total losses measured via both approaches for the representation of NCF- and FCC-based
losses calculation on the laboratory setup at different output powers are shown in Fig. 5.11.
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Fig. 5.10: Scheme of the laboratory setup to represent (a) NCF-based and (b) FCC-based losses cal-
culation.

Fig. 5.11: Measured losses at different output powers for NCF and FCC representation.

These results validate that considering FCC introduces a significant error to the total system
losses - up to 3.8% for the conducted measurements. As in the analytical calculation shown
in Fig. 5.8, the relative error in the total system losses by considering FCC instead of NCF
increases with higher output power of the power electronics converter system.

The result of the presented experiments with the two DABs is:

• It has been validated that the graph modeling with flow conservation constraint can
have a significant impact on the total system losses of power electronics converter
systems.
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5.3. Discontinuous modulation-based active thermal control for
cascaded H-bridges

This section proposes a new discontinuous modulation-based active thermal control method
for a CHB. The general operation of a CHB is described in Section 2.3. The use of dis-
continuous modulation to influence the thermal stress within the CHB has been found as
an important topic for the ST in Section 5.1. This is due to the fact that power routing for
reliability - introduced in Section 5.2 - influences mostly the thermal stress of the MVac
PEBB DABs of the ST topologies presented in Section 3.1. However, all CHB cells are con-
nected in series, therefore, the same current flows through them and their thermal stress is
not significantly influenced by power routing. The discontinuous modulations proposed for
the CHB [263–269] as well as some of those proposed for inverters [175, 178, 181, 220, 221]
change the processed power of the CHB cell they are applied to. Therefore, these modula-
tions would interfere with the power routing control and are not suitable to be implemented
at the same time as power routing. A discontinuous modulation method which would not
change the processed power of the CHB cells is the 60◦-flat-top method [307], which was
already used as ATC method for inverters [165, 177, 194]. A variation of the 60◦-flat-top
method with variable top clamped angle was proposed in [222] for inverters, however, it was
not described how the modulation signals are generated or look like besides the angle of 60◦.
The third harmonic clamped modulation method for CHB converters proposed in this section
provides a variable clamping angle to be used in ATC and fulfills the requirement of not af-
fecting the power processed by the CHB cells. The proposed method is compared to the first
harmonic clamped modulation method previously used for CHB converters [263–268].

In this section, the first harmonic and third harmonic clamped modulation methods are intro-
duced at first. Next, a simulative comparison of the two methods is carried out in terms of
influence on the losses, total harmonic distortion (THD), and impact on processed CHB cell
power. Afterwards, the impact of the two methods on the processed CHB cell power as well
as the ability to shape the temperature profile are validated on a laboratory prototype.

5.3.1. First harmonic clamped modulation method

The first harmonic clamped modulation method reduces the switching losses of the CHB cell
it is applied to by setting the modulation function for a variable angle φ of a half period to the
maximum or minimum of the carrier signal. This clamping angle segment φ is placed sym-
metrically around the maximum for the positive half wave or the minimum for the negative
half wave of the sinusoidal modulation signal, as it can be seen in Fig. 5.12 (a). During the
clamping angle segment φ , the CHB cell has not to switch. This has especially high impact
on the overall switching losses, if the CHB current is high, which is the case at the maximum
and minimum of the modulation signal for unity power factor.
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Fig. 5.12: Modulation signals of (a) clamped operated cell, (b) inverse clamped operated cell, and
(c) normally operated cell for first harmonic clamped modulation method of a seven-level
CHB.

Another cell of the CHB is operated with an inverse clamped modulation signal, as shown in
Fig. 5.12 (b). This inverse clamped modulation signal compensates the difference between
the clamped operated modulation signal (Fig. 5.12 (a)) and the normal modulation signal
(Fig. 5.12 (c)) in the sum of all CHB cell modulation signals.

The generation of the modulation signals for a seven-level CHB based on the first harmonic
clamped modulation method is presented in Fig. 5.13. The normal modulation signal mn(t)

given by the current controller is used for the normally operated cell. The clamped and in-
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Fig. 5.13: Generation scheme of the modulation signals for first harmonic clamped modulation
method of a seven-level CHB in inverter mode.

verse clamped modulation signals (mcl(t) and micl(t)) are derived based on mn(t), the clamp-
ing angle φ , and the amplitude modulation ratio Mn. For sinusoidal modulation signals,
the amplitude modulation ratio Mn can be derived based on mn(t) and the by π

2ω
delayed

modulation signal mn
(
t − π

2ω

)
Mn =

√
m2
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(
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)
=
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(
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2

)
=
√
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n
(
cos2(ωt)+ sin2(ωt)

)
.

(5.21)

The maximum clamping angle φ that can be applied for the first harmonic clamped modu-
lation method is π (180◦). Applying this maximum clamping angle results in a square wave
signal for the clamped modulation signal. This avoids switching losses as far as possible by
reducing the number of switching events per period to two - one at each zero crossing.

5.3.2. Third harmonic clamped modulation method

Also, the third harmonic clamped modulation method reduces the switching losses of the
CHB cell it is applied to by setting the modulation function for a variable angle φ of a
half period to the maximum or minimum of the carrier signal. As for the first harmonic
clamped modulation method, this clamping angle segment φ is placed symmetrically around
the maximum for the positive half wave or the minimum for the negative half wave of the
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Fig. 5.14: Modulation signals of (a) clamped operated cell, (b) inverse clamped operated cell, and (c)
normally operated cell for third harmonic clamped modulation of a seven-level CHB.

sinusoidal modulation signal. However, in contrast to the first harmonic clamped modulation,
the clamped modulation signal of the third harmonic clamped modulation method - as it can
be seen in Fig. 5.14 (a) - has two additional segments with the width of the clamping angle φ

for positive as well as negative half wave, where the clamped modulation signal differs from
the normal modulation signal mn shown in Fig. 5.14 (c). The centers of these additional
segments are −π

3 (−60◦) and π

3 (60◦) from the maximum of mn for the positive or from the
minimum of mn for the negative half wave. For the positive half wave, the difference between
maximum carrier signal level - which is one here - and mn for the clamping angle segment
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Fig. 5.15: Generation scheme of the modulation signals for third harmonic clamped modulation of a
seven-level CHB in inverter mode.

around the maximum of mn is subtracted in the additional segments. For the negative half
wave, this difference is added in the additional segments.

Another cell of the CHB is operated with an inverse clamped modulation signal, as shown in
Fig. 5.14 (b). This inverse clamped modulation signal compensates the difference between
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the clamped operated modulation signal (Fig. 5.14 (a)) and the normal modulation signal
(Fig. 5.14 (c)) in the sum of all CHB cell modulation signals.

The generation of the modulation signals for a seven-level CHB based on the third har-
monic clamped modulation method is presented in Fig. 5.15. The normal modulation signal
mn(t) given by the current controller is used for the normally operated cell. The clamped
and inverse clamped modulation signals (mcl(t) and micl(t)) are derived based on mn(t), the
clamping angle φ , the amplitude modulation ratio Mn, the by 2π

3ω
delayed modulation signal

mn
(
t − 2π

3ω

)
, and the by 4π

3ω
delayed modulation signal mn

(
t − 4π

3ω

)
. For sinusoidal normal

modulation signal mn(t), the cases 1, 5 and 6 shown in Fig. 5.15 occur during the positive
half wave and the cases 2, 3 and 4 during the negative half wave.

The maximum clamping angle φ that can be applied for the third harmonic clamped modu-
lation method is π

3 (60◦). At this maximum clamping angle the three angle segments - with
a width of φ each - fill the full positive or negative half wave receptively. At this maximum
φ , the clamped modulation signal is equal to the modulation signal used in the 60◦-flat-top
method [165, 177, 194, 307].

5.3.3. Comparison of first and third harmonic clamped modulation method

The simulative comparison is done for the seven-level CHB operated in inverter mode -
feeding power from the dc sides to an ac load -, as shown in Fig. 5.16. An open loop
operation of the CHB with the parameters listed in Table 5.6 and the loss characteristics
of IXYB82N120C3H1 IGBTs from IXYS are used. Simulations are carried out in Mat-
lab/Simulink with PLECs blockset toolbox and ode23 (Bogacki-Shampine) solver. The fol-

Fig. 5.16: Considered configuration of the seven-level CHB operated in inverter mode.
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Table 5.6: Simulation parameters for comparison of first and third harmonic clamped modulation
method.

Symbol Representation Value
Vdc,1, Vdc,2, Vdc,3 CHB cell dc voltages 800V

R Load resistance 21.217Ω

L Load inductance 300µH
fac Fundamental frequency 50Hz

fsw,CHB CHB cell switching frequency 20kHz

lowing compares the influence on the losses, the THD, and the impact on processed CHB
cell power of first and third harmonic clamped modulation method.

The simulated losses of clamped and inverse clamped operated CHB cells depending on the
clamping angle φ at different root-mean-square (RMS) values of the load current Iload,rms are
shown in Fig. 5.17 for the first harmonic clamped modulation method. The IGBT losses of
the clamped operated CHB cell in Fig. 5.17 (a) - solid lines - decrease at higher clamping

Fig. 5.17: Impact of first harmonic clamped modulation method on the losses of (a) IGBTs, (b)
diodes, (c) the sum of both for the clamped operated as well as the inverse clamped oper-
ated CHB cell depending on the applied clamping angle φ for different load current values.
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angles with a lower slope. This is due to the fact that the share of IGBT conduction com-
pared to diode conduction enlarges with increasing clamping angle, which can be seen in
the change of diode losses of the clamped operated CHB cell in Fig. 5.17 (b) that are de-
creasing towards zero for the maximum clamping angle of 180◦. Additionally, the reduction
of switching losses decreases with higher clamping angles, because the clamping segment
enlarges into regions of lower sinusoidal current. The sum of IGBT and diode losses of
the clamped CHB cell in Fig. 5.17 (c) also shows a decreasing slope of reduction at higher
clamping angles. For the losses of the inverse clamped CHB cell in Fig. 5.17 - dashed lines
-, the impact of the first harmonic clamped modulation method on the switching losses is
insignificant. The marginal decrease in the sum of IGBT and diode losses of the inverse
CHB cell (Fig. 5.17 (c)) is due to an enlargement of the share of diode conduction com-
pared to IGBT conduction, which can be seen in decreasing IGBT losses (Fig. 5.17 (a)) and
increasing diode losses (Fig. 5.17 (b)).

The simulated losses of clamped and inverse clamped operated CHB cells depending on the

Fig. 5.18: Impact of third harmonic clamped modulation method on the losses of (a) IGBTs, (b)
diodes, (c) the sum of both for the clamped operated as well as the inverse clamped operated
CHB cell depending on the applied clamping angle φ for different load current values.
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clamping angle φ at different RMS values of the load current Iload,rms are shown in Fig. 5.18
for the third harmonic clamped modulation method. The IGBT losses (Fig. 5.18 (a)) as
well as the diode losses (Fig. 5.18 (b)) of the clamped operated CHB cell - solid lines -
change due to the reduction of switching events by the clamped angle segment φ , while the
conduction losses are affected insignificantly, because the two additional angle segments per
half wave shown in Fig. 5.14 (a) avoid shifting the share of IGBT conduction compared to
diode conduction. The reduction of the sum of IGBT and diode losses (Fig. 5.18 (c)) of the
clamped operated CHB cell shows a linear characteristic. The losses of the inverse clamped
operated CHB cell in Fig. 5.18 - dashed lines - are affected insignificantly.

Comparing the loss reduction by the first (Fig. 5.17) and third harmonic clamped modulation
methods (Fig. 5.18) shows that the potential for loss reduction is similar for the clamping an-
gle segment where both can be operated - φ between 0◦ and 60◦. The first harmonic clamped
modulation method can reduce the losses further due to the higher possible clamping angle
- maximum of φ is 180◦. However, the impact of applying higher clamping angles on the
losses decreases significantly at clamping angles above 100◦.

The THD of both methods is also evaluated based on the simulation in Matlab/Simulink
with PLECs blockset toolbox. Herein, the THD is calculated with the RMS value of the
CHB output voltage VCHB,rms, the dc offset of the CHB output voltage VCHB,dc - if present
-, and the RMS value of the CHB output voltage at the fundamental frequency VCHB,rms,fund

via

THD =

√√√√V 2
CHB,rms −V 2

CHB,dc −V 2
CHB,rms,fund

V 2
CHB,rms,fund

. (5.22)

The impact on the THD depending on the applied amplitude modulation ratio Mn is shown
in Fig. 5.19 for the first harmonic clamped modulation method and in Fig. 5.20 for the third

Fig. 5.19: Impact of first harmonic clamped modulation method on the total harmonic distortion of
the output voltage depending on the applied clamping angle φ for different values of the
amplitude modulation ratio Mn.
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Fig. 5.20: Impact of third harmonic clamped modulation method on the total harmonic distortion of
the output voltage depending on the applied clamping angle φ for different values of the
amplitude modulation ratio Mn.

harmonic clamped modulation method. The first harmonic clamped modulation method
is advantageous in terms of the impact on the THD. Especially for lower applied ampli-
tude modulation ratios the first harmonic clamped modulation method provides significantly
lower THD values than the third harmonic clamped modulation method. The increased THD
values when applying the clamped modulation methods need to be considered for the design
of the grid filters [308]. Therefore, application of the third harmonic clamped modulation
method would require larger increase of the grid filter design than the first harmonic clamped
modulation method.

Next, an analytical comparison of the impact of the clamped modulation methods on the
processed power of the CHB cells is carried out. This analytical comparison is based on the
approximation of the average processed CHB cell power P̄cell by

P̄cell =
1

2π

∫ 2π

0
vcell(ωt)i(ωt)dωt ≈ 1

2π

∫ 2π

0
Vdcmcell(ωt)Iampcos(ωt)dωt

=VdcIamp
1

2π

∫ 2π

0
mcell(ωt)cos(ωt)dωt .

(5.23)

Herein, unity power factor is assumed - no phase shift between voltage and current - and
switching behavior is neglected. The integral part is symmetrical in all four quarters of the
period. Therefore, only the first quarter of the period is used to show the influence of varying
the clamping angle on the average processed CHB cell power for first and third harmonic
clamped modulation method. The average processed power of the CHB cells is given with
VdcIamp as 1 p.u. in the following.

The average processed power of the CHB cells for applying the first harmonic clamped
modulation method can be calculated by using the information about the modulation signal
generation from Fig. 5.13. The average processed power of the clamped operated CHB cell
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Fig. 5.21: Impact of first harmonic clamped modulation method on the power processed by (a) the
clamped operated and (b) the inverse clamped operated CHB cell depending on the applied
clamping angle φ for different values of the amplitude modulation ratio Mn.

in per unit can be calculated by

2
π

∫ π

2

0
mcl(ωt)cos(ωt)dωt =

2
π

(∫ φ

2

0
cos(ωt)dωt +

∫ π

2

φ

2

Mncos2(ωt)dωt
)

. (5.24)

The average processed power of the inverse clamped operated CHB cell in per unit can be
calculated by

2
π

∫ π

2

0
micl(ωt)cos(ωt)dωt =

2
π

(∫ φ

2

0
2Mncos2(ωt)− cos(ωt)dωt

+
∫ π

2

φ

2

Mncos2(ωt)dωt
)

.

(5.25)

The results for evaluating the impact of the chosen clamping angle φ of the first harmonic
clamped modulation method at different amplitude modulation ratios Mn on the average
processed power of the CHB cells are presented in Fig. 5.21. The clamped operated CHB
cell power (Fig. 5.21 (a)) increases with the chosen clamping angle and the influence of the
amplitude modulation ratio on the processed power decreases until it vanishes at φ = 180◦.
The inverse clamped operated CHB cell power (Fig. 5.21 (b)) decreases with the chosen
clamping angle and even the power flow direction is reversed, if the amplitude modulation
ratio is low and a high clamping angle is applied. If the power flow direction of only one
of the CHB cells is reversed, power would be circulated in the ST topologies presented in
Section 3.1, which should be avoided.

The average processed power of the CHB cells for applying the third harmonic clamped
modulation method can be calculated by using the information about the modulation signal
generation from Fig. 5.15. The average processed power of the clamped operated CHB cell
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Fig. 5.22: Impact of third harmonic clamped modulation method on the power processed by (a) the
clamped operated and (b) the inverse clamped operated CHB cell depending on the applied
clamping angle φ for different values of the amplitude modulation ratio Mn.

in per unit can be calculated by

2
π

∫ π

2

0
mcl(ωt)cos(ωt)dωt =

2
π

(∫ φ

2

0
cos(ωt)dωt +

∫ π

3−
φ

2

φ

2

Mncos2(ωt)dωt

+
∫ π

3+
φ

2

π

3−
φ

2

(
Mncos(ωt)−

(
1+Mncos

(
ωt − 4π

3

)))
cos(ωt)dωt

+
∫ π

2

π

3+
φ

2

Mncos2(ωt)dωt
)

.

(5.26)

The average processed power of the inverse clamped operated CHB cell in per unit can be
calculated by

2
π

∫ π

2

0
micl(ωt)cos(ωt)dωt =

2
π

(∫ φ

2

0
2Mncos2(ωt)− cos(ωt)dωt
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+
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2

π
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2

Mncos2(ωt)dωt
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(5.27)

The results for evaluating the impact of the chosen clamping angle φ of the third harmonic
clamped modulation method at different amplitude modulation ratios Mn on the average pro-
cessed power of the CHB cells are presented in Fig. 5.22. It can be seen that the requirement
of not affecting the processed power of the CHB cells is fulfilled by the third harmonic
clamped modulation method for clamped operated as well as inverse clamped operated CHB
cell. Therefore, it is suitable for implementation in the ST topologies presented in Section 3.1
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while also power routing - addressed in Section 5.2 - is applied.

The results of the comparison of first and third harmonic clamped modulation method are:

• Both clamped modulation methods have a similar potential for loss reduction for the
clamping angle range from 0◦ to 60◦ - where both can be operated.

• The first harmonic clamped modulation method provides a wider possible clamping
angle range up to 180◦, which can provide further loss reduction. However, the impact
of applying higher clamping angles on the losses decreases significantly at clamping
angles above 100◦.

• The first harmonic clamped modulation method provides lower THD than the third
harmonic clamped modulation method, which results in lower design of the grid filters.

• The first harmonic clamped modulation method has significant influence on the pro-
cessed power of the CHB cells and can also cause problems with circulating power in
the ST. It is not suitable for implementation at the same time as power routing.

• The third harmonic clamped modulation method has no influence on the processed
power of the CHB cells. It is suitable for implementation at the same time as power
routing.

5.3.4. Laboratory validation of clamped modulation impact on processed cascaded
H-bridge cell power and temperature

The laboratory validation of the clamped modulation methods is carried out on a seven-level
CHB laboratory setup, which is shown with the equipment in Fig. 5.23, the used equipment
is also listed in Table 5.7. The validation of the impact of the clamped modulation methods
on the processed CHB cell power is done by operating the seven-level CHB laboratory setup
in active rectifier mode - shown in Fig. 5.24 - and the impact on the temperature of the
semiconductors in inverter mode - shown in Fig. 5.16. The parameters used in both operation
modes of the setup are listed in Table 5.8.

Table 5.7: Equipment used in the seven-level CHB laboratory setup.

Equipment Manufacturer Model
dc voltage source Elektro Automatik EA-PSI 81000-30

Digital signal processor Texas Instruments TMS320F28379D
Oscilloscope Tektronix DPO 4054

Current probes Tektronix TCP0030A
Voltage probes Tektronix TMDP0200

Optic fiber signal conditioner Opsens Solutions PSC-D-N-N-N
Optic fiber temperature sensors Opsens Solutions OTG-A
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Fig. 5.23: Seven-level CHB laboratory setup and equipment.

For the validation of the impact of the clamped modulation methods on the processed CHB
cell power in active rectifier mode, the grid inductance is chosen as Lg = 7.5mH and the load
resistors Rcell,1, Rcell,2, Rcell,3 each as 100Ω. The control of the seven-level CHB laboratory
setup in active rectifier mode is shown in Fig. 5.25 and Fig. 5.26. The angular frequency ω of
the grid voltage vac as well as the phase of the voltage ωt are derived via a phase locked loop
(PLL) - shown in Fig. 5.26 (a) -, which is based on a second-order generalized integrator
(SOGI) [309]. The derived phase ωt, the reference CHB dc voltage V ∗

dc, and the measured
CHB dc voltages Vdc,1, Vdc,2, Vdc,3 are used to give the reference current i∗ via the dc volt-
age control, as shown in Fig. 5.26 (b). The reference current i∗ and the measured CHB

Table 5.8: Parameters used in the seven-level CHB laboratory setup.

Symbol Representation Value
Vdc,1, Vdc,2, Vdc,3 CHB cell dc voltages 140V

Ccell,1, Ccell,2, Ccell,3 CHB cell capacities 5mF
fac Fundamental frequency 50Hz

fsw,CHB CHB cell switching frequency 20kHz
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Fig. 5.24: Considered configuration of the seven-level CHB operated in active rectifier mode.

current i are then used to derive the normal modulation signal mn via the PR current con-
troller [309] - shown in Fig. 5.25. Herein, a start-up feedforward is added at the end, which
forwards a fraction of the grid voltage vac divided by the sum of all CHB cell dc voltages

∑
3
k=1Vdc,k and vanishes after the start-up procedure. Afterwards, the dc voltage balancing

control (Fig. 5.26 (c)) compensates inequalities of the CHB dc voltages. The clamped and
inverse clamped modulation signals are generated for the first harmonic clamped modulation
method according to Fig. 5.27 and for the third harmonic clamped modulation method ac-
cording to Fig. 5.28. The modulation signals applied to the cells m1,cl, m2,icl, m3 are limited
afterwards to values between -1 and 1.

The measurement results of the seven-level CHB laboratory setup operated as active rec-
tifier for the application of the first harmonic clamped modulation method are presented
in Fig. 5.29. The filtered CHB dc voltages - filtered to clearly see the transient behavior
-, measured and reference current, applied clamping angle φ , and the modulation signals
are shown for a jump of the clamping angle from 0◦ to 40◦ (Fig.5.29 (a)), operation with

Fig. 5.25: Scheme of the PR current controller used in the seven-level CHB laboratory setup.
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Fig. 5.26: Scheme of the (a) PLL, (b) dc voltage control, and (c) dc voltage balancing control used in
the seven-level CHB laboratory setup.

φ = 40◦ (Fig.5.29 (b)), and a jump of the clamping angle from 40◦ to 0◦ (Fig.5.29 (c)). After
the jumps of the clamping angle in Fig.5.29 (a) and (c) transients in the CHB dc voltages can

Fig. 5.27: Generation scheme of the modulation signals for first harmonic clamped modulation
method of a seven-level CHB in active rectifier mode.
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Fig. 5.28: Generation scheme of the modulation signals for third harmonic clamped modulation of a
seven-level CHB in active rectifier mode.

be seen, which are due to the impact of the first harmonic method on the processed power of
the CHB cells. After the jump of the clamping angle from 0◦ to 40◦ in Fig.5.29 (a) the dc
voltage of the clamped operated CHB cell 1 rises due to the higher processed power while



5. Reliability-driven active thermal control and design for failure tolerance 160

Fig. 5.29: Measurements of filtered cell voltages, CHB current as well as reference current, applied
clamping angle and modulation signals with application of first harmonic clamped mod-
ulation method during (a) a jump of clamping angle from 0◦ to 40◦, (b) operation with
40◦, and (c) a jump of clamping angle from 40◦ to 0◦ for operation of the seven-level CHB
laboratory setup as active rectifier.

the dc voltage of the inverse clamped operated CHB cell 2 drops due to the lower processed
power. Subsequently to the jump, the dc voltage balancing control adjusts the modulation
signals m1, m2, m3 to find the new balance for keeping the CHB dc voltages equal. The
modulation signals after the balancing can be seen in Fig. 5.29 (b). For the clamped operated
CHB cell 1, a low base modulation signal m1 is necessary and a high base modulation signal
m2 is needed for the inverse clamped operated CHB cell 2. After the jump of the clamping
angle from 40◦ back to 0◦ the dc voltage of the clamped operated CHB cell 1 drops while the
one of the inverse clamped operated CHB cell 2 rises, because the dc voltage balancing con-
trol needs to converge back to the base modulation signals without the shift in the processed
CHB cell power by the first harmonic clamped modulation.

The measurement results of the seven-level CHB laboratory setup operated as active rec-
tifier for the application of the third harmonic clamped modulation method are presented
in Fig. 5.30. It can be seen that neither the jump of the clamping angle from 0◦ to 40◦

(Fig. 5.30 (a)) nor the the jump back from 40◦ to 0◦ (Fig. 5.30 (c)) affects the CHB dc
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Fig. 5.30: Measurements of filtered cell voltages, CHB current as well as reference current, applied
clamping angle and modulation signals with application of third harmonic clamped mod-
ulation method during (a) a jump of clamping angle from 0◦ to 40◦, (b) operation with
40◦, and (c) a jump of clamping angle from 40◦ to 0◦ for operation of the seven-level CHB
laboratory setup in active rectifier mode.

voltages, because the third harmonic clamped modulation method has no impact on the pro-
cessed CHB power. This can also be seen on the parts of the modulation signals that are
not changed by the third harmonic clamping method in Fig. 5.30 (b), which are equal for all
three modulation signals.

For the validation of the impact of the clamped modulation methods on the temperature of
the CHB cell semiconductors in inverter mode, the load inductance is chosen as L = 0.3mH
and the load resistor R as 30Ω. The current control of the seven-level CHB laboratory setup
in inverter mode is shown in Fig. 5.25. The reference current i∗ is given as a sinusoidal
function with a frequency of 50Hz and an amplitude of I∗amp. The clamped and inverse
clamped modulation signals are generated for the first harmonic clamped modulation method
according to Fig. 5.13 and for the third harmonic clamped modulation method according to
Fig. 5.15.

The measured and reference current, the applied clamping angle φ , and the clamped and
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Fig. 5.31: Measurements of CHB current as well as reference current, applied clamping angle and
clamped modulation signals during (a) a jump of clamping angle from 0◦ to 30◦, (b) a
jump of reference current amplitude from 8A to 6A and clamping angle from 30◦ to 60◦

with application of third harmonic clamped modulation method, and (c) a jump of reference
current amplitude from 6A to 8A and clamping angle from 30◦ to 120◦ with application of
first harmonic clamped modulation method for operation of the seven-level CHB laboratory
setup in inverter mode.

inverse clamped modulation signals for operation of the seven-level CHB laboratory setup
as inverter are presented in Fig. 5.31. The control is able to follow the reference current for
the jumps of reference current amplitude and clamping angle in case of the third harmonic
clamped modulation method in Fig. 5.31 (a) and (b) as well as in the case of the first harmonic
clamped modulation method in Fig. 5.31 (c). The semiconductor temperatures are measured
on the pin of discrete packed IGBTs in the clamped operated as well as the inverse clamped
operated CHB cell. The considered IGBTs are in the same position within the CHB cell
circuit. For the thermal measurements, the load power at a load current amplitude of I∗amp =

8A is considered as 100%. The measurement of the clamped operated CHB cells IGBT

Fig. 5.32: Measurements of IGBT temperatures without and with application of first and third
clamped modulation method for (a) the clamped operated cell and (b) the inverse clamped
operated cell of the seven-level CHB laboratory setup in inverter mode.
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Fig. 5.33: Measurements of IGBT temperatures without and with application of first clamped modu-
lation method for (a) the clamped operated cell and (b) the inverse clamped operated cell
of the seven-level CHB laboratory setup in inverter mode.

temperature in Fig. 5.32 (a) validates the possibility to influence the temperatures via the
losses adaption by the clamped modulation methods. It can be seen that it is possible to
reduce the thermal swings on the IGBT of the clamped operated cell significantly. The
impact of the clamped modulation methods on the IGBT temperature of the inverse clamped
operated CHB cell in Fig. 5.32 (b) is minor. The thermal swings on the IGBT of the inverse
clamped operated CHB cell are unaffected by the clamped modulation methods. The wider
possible clamping angle range of the first harmonic method can be used to further influence
the temperature, as it can be seen in Fig. 5.33. It is possible to apply a clamping angle
sequence that keeps the IGBT temperature of the clamped operated CHB cell at a constant
level - yellow line in Fig. 5.33 (a). However, applying higher clamping angles than in this
sequence would lead to a new inserted thermal swing - violet line in Fig. 5.33 (a).

The results of the presented experiments on the seven-level CHB laboratory setup are:

• The impact of the first harmonic clamped modulation method on the processed CHB
cell power has been validated.

• It has been validated that the third harmonic clamped modulation method does not
affect the processed power of the CHB cells.

• The ability of both clamped modulation methods to influence the temperature and
reduce thermal swings of the IGBTs in the clamped operated CHB cell has been vali-
dated.

• It has been validated that the wider clamping angle range of the first harmonic clamped
modulation method can reduce the thermal swings further compared to the third har-
monic clamped modulation.
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5.4. Design for failure tolerance of hybrid grids-feeding STs via passive
power routing

This section proposes using the possibility of the IT - presented in Section 3.1 - to provide
lower loading on the interconnecting DAB depending on its configuration via the link ratio ξ

for increasing the failure-tolerance of the ST, instead of applying maximum power converter
downsizing - as presented in Section 3.2. The mission profile-based failure analysis carried
out in this section considers cases of internal converter failures in the ST and their impact
on the possible operation points. Herein, solely the removal of the power capability of the
failed converters is considered. The identification of the failures and isolation of the failed
converters from the system [310] is out of the scope of this work.

In this section, the considered failure cases and the structure of NIT and IT for the mission
profile-based failure analysis are presented at first. Next, the impact of MVac PEBB failures
on the possible operation points of the mission profiles is investigated for NIT as well as the
considered link ratio configurations of the IT. Afterwards, the impact of modular LVdc and
interconnecting DAB PEBB failures on the possible operation points of the mission profiles
are examined and the opportunity for additional failure tolerance for a modular interconnect-
ing DAB is revealed, which can also be combined with downsizing of the interconnecting
DAB.

5.4.1. Considered failure cases and structure of the hybrid grids-feeding ST

The considered structure of NIT and IT for the mission profile-based failure analysis is sim-
ilar to the one considered in Chapter 3. A three phase CHB converter with 15 cells in each
phase is considered, resulting in 45 MVac PEBBs in total. However, the LVdc converter in
the NIT as well as the interconnecting converter in the IT are considered as modular convert-
ers composed of 3 IPOP connected DABs. A design of the power converter rating based on
the mission profile-based design procedure presented in Section 3.2 without adding safety
margins is assumed for the case without failures of power converters. The opportunity for

Fig. 5.34: General graphs of (a) NIT and (b) IT with considered internal failure cases.
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downsizing the interconnecting converter in the IT compared to the LVdc converter in the
NIT is omitted initially - interconnecting converter power rating is set equal to the one of the
LVdc converter.

The considered failure cases for NIT and IT are presented in Fig. 5.34. The failure cases 1
consider a failure of three MVac PEBBs - one in each phase. While for the NIT this only
results in the failure case 1a, multiple failure cases arise for the IT due to the dc-multibus
structure of the MVac PEBBs. For the IT, failures of the MVac PEBBs do not only change
the border of the operation area due to the power rating of the MVac PEBBs, but also the link
ratio of the IT, which impacts the borders implied by the power rating of the interconnecting
converter. The extreme cases for this change of the link ratio are the failure cases 1b and 1c,
where only MVac PEBBs connected to the dc-link or only MVac PEBBs connected to the
LVdc feeder fail. The failure cases 2 consider a failure of one of the three IPOP connected
DABs of the LVdc converter (failure case 2a) or the interconnecting converter (failure case
2b).

5.4.2. Impact of MVac power electronics building block failures on possible operation
points

The failure case 1a of the NIT and the failure cases 1b and 1c of the IT result in the same
percentages of missed operation points - independent of the link ratio configuration of the
IT - for the hybrid mission profiles presented in Fig. 3.7 of Section 3.2. However, the link
ratio configuration of the IT can have an impact on the missed operation points for reduced
utilization of the LVdc grid. Therefore, the hybrid mission profiles with LVdc power profiles

Fig. 5.35: Considered load profiles for (a) LVdc grid, reduced to 50%, and (b) the LVac grid.
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reduced to 50% - shown in Fig. 5.35 - are used for the mission profile-based analysis of
MVac PEBB failures.

The missed operation points due to the failure cases 1 for the nine combinations of LVac and
LVdc power profiles from Fig. 5.35 are shown in Fig. 5.36 and Fig. 5.37 for the considered
link ratio ξ configurations of the IT. For the NIT, operation points of the hybrid mission
profiles are only missed due to the removal of power capability in the MVac PEBBs due
to the failed converters. For medium to low link ratios of the IT, also only those operation
points that are missed for the NIT cannot be operated anymore for failure cases 1b and
1c. However, for high link ratios of the IT, additional operation points of the hybrid mission
profiles are missed due to the changing link ratio and its impact on the operation area borders
by the interconnecting converter power rating. It can be seen that the failure case 1b, which

Fig. 5.36: Missed operating points for failure cases 1 for (a) G0 LVac and 50% of Use case 1 LVdc
power profiles, (b) G6 LVac and 50% of Use case 1 LVdc power profiles, (c) H0 LVac and
50% of Use case 1 LVdc power profiles, (d) G0 LVac and 50% of Use case 2 LVdc power
profiles, (e) G6 LVac and 50% of Use case 2 LVdc power profiles, and (f) H0 LVac and
50% of Use case 2 LVdc power profiles.
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Fig. 5.37: Missed operating points for failure cases 1 for (a) G0 LVac and 50% of Use case 3 LVdc
power profiles, (b) G6 LVac and 50% of Use case 3 LVdc power profiles, and (c) H0 LVac
and 50% of Use case 3 LVdc power profiles.

increases the link ratio of the IT, leads to more missed operation points than failure case
1c, which decreases the link ratio. It must be noted that for high link ratios of the IT, the
total missed operation points are composed by those missed additionally due to the failure
cases and those missed because the initial design with the LVdc converter power rating for
the interconnecting converter is not sufficient to realize all operation points in the IT - even
without failures.

The results of the mission profile-based analysis of MVac PEBB failures are:

• A proper design of the IT configuration via the link ratio is also important in case of
MVac PEBB converter failures.

• A sufficient choice of ξ can avoid disadvantages of the IT compared to the NIT in
terms of operation points that cannot be reached without overloading the remaining
converters after MVac PEBB failures.

5.4.3. Impact of modular LVdc and interconnecting dual active bridge power
electronics building block failures on possible operation points

The failure cases 2 are analyzed for the hybrid mission profiles presented in Fig. 3.7 of Sec-
tion 3.2 at first and afterwards for the hybrid mission profiles with reduced LVdc utilization
shown in Fig. 5.35. For each of the considered hybrid mission profiles, it is possible to find a
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link ratio configuration of the IT which provides additional failure tolerance for the modular
IPOP connected interconnecting converter, which means that one of the three DABs can fail
without excluding any operation point of the mission profiles. Furthermore, for the link ratios
that provide additional failure tolerance, it is still possible to downsize the interconnecting
converter without losing the additional failure tolerance.

The results of the mission profile-based failure analysis of the failure cases 2 for the hybrid
mission profiles presented in Fig. 3.7 of Section 3.2 are shown in Fig. 5.38 and Fig. 5.39. For
link ratios between 4

15 and 10
15 , the IT provides additional failure tolerance of the intercon-

necting converter for each of these hybrid mission profiles. The advantage of using the IT is
especially high for those hybrid mission profiles involving the LVdc Use case 3 power pro-

Fig. 5.38: Missed operating points for failure cases 2a and 2b with possible downsizing of intercon-
necting DABs while additional failure tolerance is maintained for (a) G0 LVac and Use
case 1 LVdc power profiles, (b) G6 LVac and Use case 1 LVdc power profiles, (c) H0 LVac
and Use case 1 LVdc power profiles, (d) G0 LVac and Use case 2 LVdc power profiles, (e)
G6 LVac and Use case 2 LVdc power profiles, and (f) H0 LVac and Use case 2 LVdc power
profiles.
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Fig. 5.39: Missed operating points for failure cases 2a and 2b with possible downsizing of intercon-
necting DABs while additional failure tolerance is maintained for (a) G0 LVac and Use
case 3 LVdc power profiles, (b) G6 LVac and Use case 3 LVdc power profiles, and (c) H0
LVac and Use case 3 LVdc power profiles.

file (Fig. 5.39), which contains a constant base load. Whereas the NIT cannot operate at any
operation point anymore, the IT with appropriate link ratio choice can operate all operation
points of these hybrid mission profiles.

Furthermore, besides the additional failure tolerance of the interconnecting converter, part
of the downsizing - proposed in Section 3.2 - can still be applied. The possible downsizing
is given in percentage of the the LVdc converter power rating without converter failure. A
possible downsizing of 40% means that the interconnecting converter rating without con-
verter failure only needs to be 60% of the LVdc converter rating without converter failure
in order to still ensure the availability of all operation points of the hybrid mission profile in
failure case 2b. For the combination of H0 LVac and Use case 2 LVdc power profiles, only
applying a downsizing of 54% - instead of the maximum possible 69% presented in Sec-
tion 3.2 - includes additional failure tolerance of the interconnecting converter, if the optimal
link ratio is chosen for the IT. For each of these hybrid mission profiles, a downsizing of at
least 40% is possible while also additional failure tolerance of the interconnecting converter
is provided.

The results of the mission profile-based failure analysis of the failure cases 2 for the hybrid
mission profiles with reduced LVdc utilization presented in Fig. 5.35 are shown in Fig. 5.40
and Fig. 5.41. Also for lower LVdc grid utilization than before, the IT is able to provide
additional failure tolerance for each of the considered hybrid mission profiles. With lower
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Fig. 5.40: Missed operating points for failure cases 2a and 2b with possible downsizing of intercon-
necting DABs while additional failure tolerance is maintained for (a) G0 LVac and 50% of
Use case 1 LVdc power profiles, (b) G6 LVac and 50% of Use case 1 LVdc power profiles,
(c) H0 LVac and 50% of Use case 1 LVdc power profiles, (d) G0 LVac and 50% of Use
case 2 LVdc power profiles, (e) G6 LVac and 50% of Use case 2 LVdc power profiles, and
(f) H0 LVac and 50% of Use case 2 LVdc power profiles.

LVdc grid utilization than before, the link ratio range providing additional failure tolerance
of the interconnecting converter shifts to lower values than before - approximately to link
ratios between 3

15 and 6
15 . For the combination of H0 LVac and 50% of Use case 2 LVdc

power profiles, applying a downsizing of 49% still includes additional failure tolerance of
the interconnecting converter, if the optimal link ratio is chosen for the IT. For each of these
hybrid mission profiles with reduced LVdc grid utilization, a downsizing of at least 20% is
possible while also additional failure tolerance of the interconnecting converter is provided.
Choosing the link ratios for optimal possible downsizing besides the failure tolerance of the
interconnecting converter, also ensures that the failure cases 1b and 1c of MVac PEBBs in
the IT do not exclude more operation points than the failure case 1a in the NIT (Fig. 5.36
and Fig. 5.37).
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Fig. 5.41: Missed operating points for failure cases 2a and 2b with possible downsizing of intercon-
necting DABs while additional failure tolerance is maintained for (a) G0 LVac and 50% of
Use case 3 LVdc power profiles, (b) G6 LVac and 50% of Use case 3 LVdc power profiles,
and (c) H0 LVac and 50% of Use case 3 LVdc power profiles.

The results of the mission profile-based analysis of LVdc and interconnecting converter fail-
ures are:

• The possibility of the IT to lower the loading on the interconnecting converter depend-
ing on its configuration via the link ratio ξ can also be used to add failure tolerance via
redundancy to the hybrid grids-feeding ST.

• Furthermore, the interconnecting converter can still be downsized by up to 54% for
the considered hybrid mission profiles while additional failure tolerance is provided.

• A special case are hybrid mission profiles with constant base load in the LVdc power
profile, where the IT can provide failure tolerance, whereas the NIT is not able to
operate at any operation point in the considered failure case.

5.5. Summary and conclusions of the chapter

At first, this chapter gave an overview on active thermal control (ATC) methods used in
power electronics systems in Section 5.1. There are four main challenges which are ad-
dressed by articles on ATC methods for power electronics systems, which are: increasing
the overload capability of power electronics converters, thermal cycle reduction of power
devices in power electronics converters, balancing thermal stress of power devices within
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specific topologies or for parallel power devices, and controlling thermal stress of devices in
different building blocks in modular and redundant power electronics systems as well as on
a microgrid level. The potential objectives of applying the ATC methods within these four
main challenges have been presented as well.

Thereafter, these potential objectives were used to evaluate the capabilities of the different
ATC methods for application in the ST. The objectives linked to the challenge of control-
ling thermal stress of devices in different building blocks in modular and redundant power
electronics systems were identified as highly relevant for supporting a reliable ST operation.
Within the ATC methods addressing this challenge, power routing within the converter sys-
tem and discontinuous modulation for cascaded H-bridge (CHB) converters are especially
suited for application in the ST.

The methodology of graph theory-based modeling of power electronics converter systems
was introduced in Section 5.2. An example of how to use the graph-based representation of
a converter system in order to apply power routing for reliability was given.

Further, the methodology of graph theory-based modeling of power electronics converter
systems was adjusted to fulfill the requirements of the interconnected topology (IT) for hy-
brid grids-feeding STs presented in Section 3.1. The IT has the potential of significant ef-
ficiency improvements via power routing. Therefore, it requires a precise modeling of the
losses in the converter system. In order to provide this precise modeling of the losses, it
was proposed to use non-conserved power flows in the graph modeling instead of the often
considered flow conservation constraint (FCC). It has been found that considering the FCC
can cause up to 4% error in the total losses of the IT. A validation on a laboratory setup of
two dual active bridges (DABs) has shown that considering FCC for their series connection
causes up to 3.8% error in the total losses.

Two methods - first and third harmonic clamped modulation method - for discontinuous
modulation-based ATC of CHBs have been presented in Section 5.3. The shape of the mod-
ulation signals and their generation were described.

Furthermore, a comparison of both clamped modulation methods in terms of potential to
influence the losses, total harmonic distortion (THD), and impact on the processed power
of CHB cells was carried out. The first harmonic clamped modulation method is advanta-
geous in terms of influence on losses (higher possible loss reduction) and THD (lower THD,
which means lower design of grid filters) compared to the third harmonic clamped modula-
tion method. However, the first harmonic clamped modulation method significantly affects
the processed power of the CHB cells and is therefore not suitable to be implemented at
the same time as power routing. The third harmonic clamped modulation method does not
affect the processed power of the CHB cells and can thus be implemented without disturbing
power routing. The impact on the processed power of both methods has been validated on
a seven-level CHB laboratory setup. Also, the potential to influence the temperatures of the
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semiconductors and to reduce thermal cycles of them has been validated for both methods
on this laboratory setup.

Finally, a mission profile-based failure analysis was proposed in Section 5.4 to evaluate the
impact of different converter failure cases on the mission profile operation points that can
be covered without overloading the remaining converters. A sufficient link ratio choice can
avoid disadvantages of the IT compared to the non-interconnected topology (NIT) - pre-
sented in Section 3.1 - in case of MVac power electronics building block failures. Further-
more, it was proposed to use the possibility of the IT to lower the interconnecting converter
loading via the link ratio configuration in order to insert additional failure tolerance for the
ST. The interconnecting converter can still be downsized by up to 54% for the considered
hybrid mission profiles while additional failure tolerance is provided.
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6. Summary, conclusions and future research

6.1. Summary and conclusions

This work aimed to provide an optimization of the design of hybrid grids-feeding Smart
Transformers (STs) for improved efficiency and reduced converter loading, to develop ther-
mal digital twin approaches for observation of the thermal behavior of power modules, and
to elaborate on active thermal control methods for hybrid grids-feeding STs.

Chapter 2 introduced the definition of hybrid grids as referred to in this work at first in
Section 2.1. The advantages of hybrid secondary distribution grids were presented, which
combine benefits of LVac as well as LVdc grids. The benefits of LVac grids are utilization of
established protection schemes and equipment as well as supply of ac loads, whereas those
of LVdc grids are an efficient integration of photovoltaic power plants, battery energy stor-
age systems, and electric vehicle charging stations as well as a reduced system complexity.
Further, the requirements of hybrid grids were shown, which are galvanic isolation between
the grids and an efficient hybrid grids connection converter architecture.

Architectures for STs were presented in Section 2.2. Herein, the general ST architectures
were shown at first. Then, hybrid grids-feeding ST architectures were proposed, which fulfill
the galvanic isolation requirement between the grids. Afterwards, a review on hybrid grids-
feeding ST topologies proposed in research articles was given and the architectures these
topologies are based on were identified.

The power electronics converters used to realize ST topologies from the ST architectures
in this work were described in Section 2.3. The focus of the converter description is to
calculate their power losses depending on the power processed by them. For this purpose,
the calculation of semiconductor and transformer losses was explained at first. Afterwards,
the derivation of the electrical waveforms of a dual active bridge, a two-level three phase
inverter, and a cascaded H-bridge was given and it was shown which semiconductors of the
converters need to be taken into account for the calculation of the losses at which part of the
electrical waveforms.

Chapter 3 introduced the interconnected topology (IT) and the non-interconnected topology
(NIT) at first in Section 3.1. These topologies are the realizations of the interconnected
and non-interconnected ST architectures presented in Section 2.2 with the converters from
Section 2.3. The IT provides an inherited advantage compared to the NIT - the possibility to
adapt its configuration via the link ratio. This adaption of the link ratio can be used to realize
a reduced required power rating of the interconnecting dual active bridge (DAB) compared
to the LVdc DAB as well as to provide improved efficiency of the IT compared to the NIT.
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Thereafter, a method to calculate the efficiency of the topologies was proposed. This method
consists of two main steps. The first main step is the calculation of efficiency curves for
each converter, which give the efficiency of the converter in dependency on its output power.
In the second main step these converter efficiency curves are used to calculate the system
efficiency based on a non-conserved power flow analysis. The system efficiencies calculated
in this way are used to evaluate the design of the IT configuration for optimal efficiency in
Section 3.3.

A mission profile-based design procedure for the power ratings of the converters in both
topologies was proposed in Section 3.2. The topologies have three ports for MVac, LVac
and LVdc grids. Therefore, two mission profiles are needed to define the loading of the
system - LVac and LVdc power profiles - which are combined to a hybrid mission profile.
The loading of the interconnecting DAB does not only depend on the operation point of
the hybrid mission profile but also on the configuration of the IT via the link ratio. This
holds the potential to optimize the link ratio to achieve a minimum required power rating
of the interconnecting DAB. For nine considered hybrid mission profiles, a downsizing of
the interconnecting DAB power rating to values between 31% and 39% of the LVdc DAB
power rating can be achieved.

Further, a Monte Carlo-based sensitivity analysis of the determined power ratings against de-
viations of the real power profiles compared to those assumed for the design was conducted.
The analysis showed that the impact of the uncertain knowledge of the hybrid mission profile
has to be considered for the mission profile-based design of the converter power ratings. It
has been found that implementing the possibility of reconfiguration of the link ratio in the
application can significantly reduce the impact of the hybrid mission profile uncertainty on
the required sizing of the interconnecting DAB for some of the hybrid mission profiles.

The influence of the configuration of the IT via the link ratio on the efficiency of the converter
system was investigated in Section 3.3. Two approaches were proposed to identify the link
ratio for optimal average weighted efficiency for the assumed hybrid mission profiles. One is
based on extensive modeling of all converter efficiencies as presented in Section 3.1.3. This
approach is able to always find the optimal link ratio according to the applied modeling. The
other approach is solely based on the knowledge of the hybrid mission profile. It requires
no modeling effort and provides low computational burden, but does not always provide
the optimal link ratio. However, the not realized efficiency benefit by the suboptimal link
ratio choice is small, because at least a link ratio directly next to the optimal one is always
chosen.

Finally, a laboratory validation of the efficiency influence of the IT configuration via the link
ratio was carried out. A validation of a significant influence of the link ratio selection in the
IT on the system efficiency was achieved. Also, the possibility to identify optimal operation
areas of each link ratio configuration for maximum efficiency was validated. Another result is
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that the borders of the optimal operation areas of the link ratio configurations will be close to
those analytically calculated, if same efficiency behavior of the produced power electronics
building blocks (PEBBs) can be achieved. Otherwise, the location of the borders can be
significantly influenced by asymmetries between the efficiencies of MVac PEBBs connected
to the dc-link and the ones of the MVac PEBBs connected to the LVdc feeder.

Chapter 4 introduced the fundamentals of thermal modeling at first in Section 4.1. The
basic components of thermal modeling and their analogy to the electrical modeling were
presented. Commonly used thermal networks - Foster and Cauer networks - to represent the
thermal behavior of a single chip temperature in relation to a reference point temperature
have been introduced. An approach to model multiple chip temperatures with thermal cross
coupling effects has been presented, it is based on the linear accumulation of all impacts of
heat sources on the temperatures.

The essential influence of the temperature on the reliability of power semiconductor modules
was highlighted in Section 4.2. For this purpose, the degradation mechanism evoked by
thermal cycles was explained, a method for lifetime estimation of power semiconductors
based on thermal cycle (rainflow) counting as well as existing lifetime models and their
limitations were presented, and a review on condition monitoring possibilities for power
semiconductors via their thermal behavior was given.

Section 4.3 proposed the digital twin (DT)-based observation of the power semiconductor
thermal behavior. The basic principle of the thermal DT was explained and two approaches
were proposed. The first approach is based on a particle-swarm-optimization (PSO) and
the second approach on a dual extended Kalman filter (DEKF). It has been shown that both
approaches are able to identify the thermal parameters of a digital reference model in a
real-time simulation (RTS). Hereby, thermal parameters of model parts closer to the chip
temperature converge faster to the parameters of the digital reference model than parameters
of model parts further away from the chip temperature. This is due to the fact that parameters
of model parts closer to the chip have a higher impact on the chip temperature.

Thereafter, a comparison of both approaches was carried out. The PSO-based thermal DT
provides a lower computational burden than the DEKF-based thermal DT. The computational
burden of the PSO-based thermal DT increases linearly with extending the thermal network,
whereas the one of the DEKF-based thermal DT increases quadratically. The DEKF-based
thermal DT provides significantly higher convergence speed of the estimated thermal pa-
rameters to the reference ones than the PSO-based thermal DT. The optimizer coefficient
tuning of the DEKF-based thermal DT provides a wider range which leads to convergence
than the one of the PSO-based thermal DT. The convergence of the DEKF-based thermal DT
shows significantly higher robustness to input profile variations compared to the one of the
PSO-based thermal DT, which requires a specific characterization operation profile of the
converter. The potential of an asynchronous execution of the optimization is higher for the
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PSO- compared with the DEKF-based thermal DT, because it could compensate significant
drawbacks of the PSO- compared to the DEKF-based thermal DT.

Finally, a DEKF-based multichip thermal DT was propsed. For this purpose, a new multi-
chip Cauer network was presented, which is able to represent the temperatures of multiple
chips with thermal cross coupling effects and provides a low number of temperature states
and thermal parameters. This makes the network suitable for the implementation in the ther-
mal DT, as it provides a significantly lower computational burden than applying a linear
accumulation of all impacts of heat sources on the temperatures with more states and param-
eters. The RTS of the multichip thermal DT with digital thermal reference model showed
that the DT is able to converge to the same parameter set without previous knowledge about
the parameters of the reference model. The implementation of the multichip thermal DT
in the laboratory setup proved the ability to represent the thermal behavior of real power
semiconductors.

Chapter 5 gave an overview on active thermal control (ATC) methods used in power elec-
tronics systems at first in Section 5.1. There are four main challenges which are addressed by
articles on ATC methods for power electronics systems, which are: increasing the overload
capability of power electronics converters, thermal cycle reduction of power devices in power
electronics converters, balancing thermal stress of power devices within specific topologies
or for parallel power devices, and controlling thermal stress of devices in different building
blocks in modular and redundant power electronics systems as well as on a microgrid level.
The potential objectives of applying the ATC methods within these four main challenges
have been presented as well.

Thereafter, these potential objectives were used to evaluate the capabilities of the different
ATC methods for application in the ST. The objectives linked to the challenge of control-
ling thermal stress of devices in different building blocks in modular and redundant power
electronics systems were identified as highly relevant for supporting a reliable ST operation.
Within the ATC methods addressing this challenge, power routing within the converter sys-
tem and discontinuous modulation for cascaded H-bridge (CHB) converters are especially
suited for application in the ST.

The methodology of graph theory-based modeling of power electronics converter systems
was introduced in Section 5.2. An example of how to use the graph-based representation of
a converter system in order to apply power routing for reliability was given.

Further, the methodology of graph theory-based modeling of power electronics converter
systems was adjusted to fulfill the requirements of the IT for hybrid grids-feeding STs pre-
sented in Section 3.1. The IT has the potential of significant efficiency improvements via
power routing. Therefore, it requires a precise modeling of the losses in the converter system.
In order to provide this precise modeling of the losses, it was proposed to use non-conserved
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power flows in the graph modeling instead of the often considered flow conservation con-
straint (FCC). It has been found that considering the FCC can cause up to 4% error in the
total losses of the IT. A validation on a laboratory setup of two DABs has shown that con-
sidering FCC for their series connection causes up to 3.8% error in the total losses.

Two methods - first and third harmonic clamped modulation method - for discontinuous
modulation-based ATC of CHBs have been presented in Section 5.3. The shape of the mod-
ulation signals and their generation were described.

Furthermore, a comparison of both clamped modulation methods in terms of potential to
influence the losses, total harmonic distortion (THD), and impact on the processed power
of CHB cells was carried out. The first harmonic clamped modulation method is advanta-
geous in terms of influence on losses (higher possible loss reduction) and THD (lower THD,
which means lower design of grid filters) compared to the third harmonic clamped modula-
tion method. However, the first harmonic clamped modulation method significantly affects
the processed power of the CHB cells and is therefore not suitable to be implemented at
the same time as power routing. The third harmonic clamped modulation method does not
affect the processed power of the CHB cells and can thus be implemented without disturbing
power routing. The impact on the processed power of both methods has been validated on
a seven-level CHB laboratory setup. Also, the potential to influence the temperatures of the
semiconductors and to reduce thermal cycles of them has been validated for both methods
on this laboratory setup.

Finally, a mission profile-based failure analysis was proposed in Section 5.4 to evaluate the
impact of different converter failure cases on the mission profile operation points that can
be covered without overloading the remaining converters. A sufficient link ratio choice can
avoid disadvantages of the IT compared to the NIT - presented in Section 3.1 - in case
of MVac PEBB failures. Furthermore, it was proposed to use the possibility of the IT to
lower the interconnecting converter loading via the link ratio configuration in order to insert
additional failure tolerance for the ST. The interconnecting converter can still be downsized
by up to 54% for the considered hybrid mission profiles while additional failure tolerance is
provided.

6.2. Future research

The digital twin concept provides a high potential for future research. Potential future re-
search topics based on the thermal digital twins developed in this work are the following
ones:

• In this work, two thermal digital twin approaches were proposed, one based on a
particle-swarm-optimization, the other based on a dual extended Kalman filter. A
future research topic could be the development of a thermal digital twin based on an
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unscented Kalman filter, as this is a concept widely applied in other research areas
[311] and seems to have the potential to achieve superior performance compared to
the dual extended Kalman filter-based thermal digital twin.

• Another future research topic could be the utilization of the thermal digital twin ap-
proaches developed in this work for accessing the dynamic capacity of power elec-
tronics converters [312]. The dynamic capacity is the capability of power electronics
converters to work temporarily beyond the specified power limitations [313]. The ther-
mal digital twin approaches can help to ensure a safe operation of the power electronics
converters while the dynamic capacity is utilized. Furthermore, the continuous adjust-
ment of the thermal model parameters can enable a precise prediction of the dynamic
capacity available, which might be a relevant information for system operators.

• A further future research topic could be the development of a combination of multiple
digital twin approaches for different properties of power electronics converters. A
digital twin of the electrical behavior, which takes measured currents and voltages
into consideration for the model optimization, could be combined with a digital twin
of the losses, which considers input and output power calculated based on voltage
and current measurements for the model optimization, and the thermal digital twin
approaches proposed in this work.

• One more future research topic could be the application of the thermal digital twin
approaches proposed in this work while power cycling tests of power modules are
executed. This would give the possibility to characterize the changing thermal behav-
ior during the degradation of the power modules, which could give new insights for
condition monitoring purposes.

Potential future research topics based on the proposed interconnected topology for hybrid
grids-feeding Smart Transformers are the following ones:

• A future research topic could be the deeper investigation of the online reconfigura-
tion of the interconnected topology proposed in this work. The circuitry required for
the online reconfiguration could be designed, manufactured and its application tested
on the laboratory setup. The optimal execution times of the online reconfiguration
could be investigated based on the assumed hybrid grid mission profile, the number of
available reconfiguration events before the circuitry is expected to fail, and the desired
lifetime of the circuitry.

• Another future research topic could be the deeper investigation of active power routing
for efficiency. The interconnected topology proposed in this work inherits the oppor-
tunity to increase the system efficiency by applying power routing [54] to relieve the
interconnecting dual active bridge from power that it needs to process. Appropriate
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controllers to realize active power routing for efficiency could be developed and the
method could be tested on the laboratory setup.

• A further future research topic could be the design of solid state circuit breakers for
the protection against grid faults in the LVdc grid for the interconnected topology of
the hybrid grid-feeding Smart Transformer. As it can be seen in Fig. 6.1, the power
capacity of the converters connected to the LVdc feeder depend on the interconnected
topology configuration as well as the sizing of the interconnecting DAB. While the
protection schemes for the MVac and LVac grids [314] can be the same for non-
interconnected and interconnected topology, the sizing of the solid state circuit breaker
for the protection of the LVdc grid should be adjusted according to the power capacity
of converters connected to the LVdc feeder.

Fig. 6.1: General graphs of (a) NIT and (b) IT with protection of the grid connections.
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