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Giampaolo Buticchi, Senior Member, IEEE, Silvio Stasi, and Marco Liserre , Fellow, IEEE

Abstract—DC smart grids represent an alternative to traditional
ac power distribution systems. The power conversion stage, inter-
facing the ac and the dc distribution systems, is the enabling tech-
nology to manage multiple dc loads and sources. The three-stage
smart transformer (ST) is a promising solution, because it includes
a dc—dc power conversion stage providing a dc multibus in output.
The modular ST architecture supplies several dc outputs, which
allow interfacing a dc smart grid with the ac power system. In
this paper, the three-stage ST is based on a cascaded H-bridge
(CHB) converter for the ac—dc power conversion, whereas dual
active bridge (DAB) converters are adopted for the dc—dc power
conversion stage. The peculiarity is that the dc voltage balancing
is performed by the dc—dc power conversion stage instead of the
CHB converter. It is advantageous for dc smart grids applications
where the power sharing among the dc sources and loads is often
not balanced. The design of the entire control system is based on
the detailed small signal model of the ac—dc and dc—dc power con-
version stages of the ST. High dynamic performance of the voltage
balancing is fulfilled due to the commonly high switching frequency
of the DAB converters.

Index Terms—Cascaded H-bridge (CHB) converter, dc smart
grids, dc voltage control, dual active bridge (DAB) converter, smart
transformer (ST).
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1. INTRODUCTION

CPOWER distribution systems have gained interest in the

last years both in transportation applications and in smart
grids due to the possibility to increase the efficiency of the
system, reducing the number of power conversion stages, and
avoiding harmonic distortion and reactive power management
issues [1]-[6]. Nevertheless, one of the main obstacles toward
the spread of the dc smart grids is represented by the difficulty
to manage multiple dc connections, interfacing with the main ac
power distribution system, and ensuring flexible operation. DC
smart grids supply the loads autonomously in island operation,
or the same loads could be supplied by an active rectifier (ac—
dc) connected to the ac power distribution system. The storage
systems inside the dc smart grid should be charged directly
by the dc sources or by the ac power system through the active
rectifier [7]. Hence, the role of the ac—dc power conversion stage
is pivotal.

Looking at the future development of the ac power distribu-
tion system, a lot of recent research has been devoted to the
power electronics interface, which enables to replace the tra-
ditional transformer with a smart transformer (ST) [8]-[13].
The aim of the ST is to provide multiple and flexible connec-
tions and to provide advanced control functionalities, which the
conventional transformer was not able to provide. It has been
demonstrated that modular STs can provide higher reliability
and availability than nonmodular topologies due to fault toler-
ance capability and possible reconfiguration in case of faults
[14]-[16].

Among the possible ST topologies, the three-stage ST is based
on a first ac—dc power conversion stage connected to the MV
distribution system, a second dc—dc power conversion stage,
which fulfills galvanic isolation and voltage gain variation, and
a last dc—ac power conversion stage for providing the LV output
[17], [18]. In case of modular topologies, the dc—dc power con-
version stage provides multiple and flexible outputs, which can
be combined in order to create a dc multibus [4], [ 19]. Hence,
in this scenario, the first two stages of a three-stage modular ST
can represent the enabling technology to interface the dc smart
grids with the main ac power system.

Analyzing the power converters topologies, the cascaded
H-bridge (CHB) converter, which consists of several H-
bridges connected in series for each phase, is recognized as a
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Fig. 1. Control structure of the first and the second stage of a three-stage ST
where the ac—dc stage is in charge of the dc voltage balancing function.

potential candidate for the ST, because of its modularity, scal-
ability, and high power quality performance. Focusing on the
CHB converter, the dc voltage balancing among the different
power cells has represented one of the main research topics in
order to avoid overvoltages on the power devices. Numerous
dc voltage balance techniques have been developed [20]-[26].
These techniques have been applied to the ST too, where com-
monly the ac—dc power conversion stage is in charge of the dc
voltage balancing. In particular in [27]-[29], a review of the
CHB dc voltage balancing techniques for ST application is pre-
sented. Many of these techniques aim to achieve both voltage
and power balance [30], [31]. Differently, for dc smart grids
applications, the modular ST has to guarantee the possibility to
operate with power unbalances among the different power con-
version cells and maintaining the dc-links voltages balanced. In-
deed, considering the dc smart grids operation, storages, loads,
and sources cannot be assumed processing the same power at
each dc link. Instead, the loads are supplied to maintain the
reference dc voltage value. Besides, recent research in the ST
control, such as the power routing technique [32], [33], sug-
gests also to manage different powers by the different power
conversion cells in order to increase the ST reliability.

In Fig. 1, the first two stages of a three-stage ST are shown
where the ac—dc power conversion stage is in charge of the dc
voltage balancing. Each power cell of the CHB converter is
connected to a dual active bridge (DAB) converter, as shown in
Fig. 2, creating a dc multibus. The DAB converter topology
offers many advantages, such as bidirectional power flow, high
step up/down capabilities, and zero voltage switching, depend-
ing on the operating condition. The bidirectional power flow
capability makes it an attractive choice when it is needed to
control power exchange between energy storage and loads, en-
abling power flow in both directions. The high step up/down
voltage capability provides flexibility to the dc multibus thanks
to the possibility to extend the voltage range and to ensure gal-
vanic isolation avoiding faults propagation. In Figs. 1 and 2,
Vic,i denotes the ith output voltage of the CHB converter and V,,
denotes the output voltage of the DAB converters. The dc links
provided in output by the DAB converters can be connected to
loads, storage, and dc sources separately or can be connected in
parallel on the basis of the dc smart grid configuration.

{I{
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Fig.2. First and second stage of a three-stage modular ST based on CHB and
DAB converters.

Since loads are commonly not equal, the possibility to balance
the dc voltages in the dc—dc power conversion stage instead of
the first stage (CHB converter) results advantageous due to the
proximity to the dc smart grid distribution system. It represents
the main goal of the present paper.

In the literature, very few examples of dc voltage balanc-
ing controls operated by the DAB converters stage in the ST are
proposed. In particular, in [34], the loads are supposed to be bal-
anced and the dc voltage imbalances, caused just by mismatch
of the DAB parameters, are compensated using a different PI
controller for each DAB converter. For this reason, the method
does not facilitate the practical implementation.

A simple and practical control to balance the dc voltages at
the output of the DAB converters is proposed in [35] where
the phase shift of each DAB converter is modified differently in
order to achieve this purpose. However, no control tuning details
are provided in [35] and the dynamics coupling among the DAB
converters and the CHB converters is not taken into account.
Hence, the effect of possible dc-links voltage variations of the
CHB converter on the output voltage of the DAB converters is
not considered in the control design.

In this work, the small signal modeling of the entire power
stage leads to take into account the coupling among the CHB
converter and the DAB converters dynamics. The design of the
complete control system is based on the detailed small signal
model of the ac—dc and dc—dc power conversion stages of the
ST. The detailed model of the ST represents one of the main
contributions of this work. Very few papers can be found on this
topic, and in these papers, the analysis is focused just on single
parts of the ST [36]-[39].

The proposed control structure of the overall system is pre-
sented in Fig. 3. The CHB converter controls the ac current and
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Fig. 3. ST control structure where the dc—dc stage is in charge of dc voltage
balancing.

the CHB dc-links voltages, whereas the DAB converters control
their dc-links output voltages, compensating the effects of volt-
age variations on the DAB converters output. Instability issues
are avoided, because all controllers are tuned on the basis of the
theoretical model of the ST and high dynamic performances can
be achieved. The results are compared with the performances
provided in case the dc voltage balancing is performed by the
CHB converter.

The DAB converters are characterized by higher switching
frequencies than the CHB converter due to the presence of a
medium frequency transformer. In case of the CHB converter,
such switching frequencies cannot be used in order to achieve an
acceptable efficiency [40]. This peculiarity is exploited in order
to improve the dynamic performance of the proposed voltage
balancing control.

It represents a significant improvement since larger control
bandwidth involves plug-and-play feature to the overall system,
which can be able to identify and rapidly respond to changes
due to dc sources insertion or disconnections, loads variations,
etc.

The rest of the paper is organized as follows. In Section II,
the small signal model of the first and second stage of the ST is
presented, and in Section III, the proposed control scheme is de-
scribed. The simulation and experimental results are discussed
in Section IV. Finally, the conclusion is given in Section V.

II. Model of the Smart Transformer

The considered case study is shown in Fig. 2. An average
model of the ST is shown in Fig. 4. In this model, the CHB con-
verter is represented as the sum of N voltage sources connected
to the main ac grid voltage e through an inductive filter L.

The output voltage v4p ; of each CHB power cell can be
defined as

with i=1,2,..

vaB,i = M Vic,i ; SN (1)

where Vi ; is the corresponding dc-link voltage and m; is the
corresponding modulating signal.

The dc current of the ith CHB power cell is indicated as ¢qc ;
and it can be defined as
with ¢=1,2,..., N. (2)

Ide,i = Mily

The DAB converters are represented both in input and in
output as current sources, denoting the input current as Ipag ;
and the output current as I, ;.

The DAB converter average model can be analytically de-
rived studying the behavior of the current that flows through the
transformer leakage inductance Lj. The input and output aver-
age currents can be evaluated, as described in [41]. Due to the
symmetry of the circuit, the output and input currents over half
a cycle of each DAB converter are described with the following
equations:

VoToaswi (1 — i)

Ipas.i = ith i=1,2....N @
DAB, Y with 4 3)
ci 11 i (1 — . )
[, = VeiToanoi (L=9i) oy iy 9 N @)
’ 2Lk7in

where n is the DAB transformer turn ratio, Tpap represents the
DAB switching period, o(-0.5 < ¢ < 0.5) is the phase-shift
angle (expressed in p.u. with respect to m) between the voltage
at the primary and secondary side of the DAB transformer, and
V, is the DAB output voltage.

A. Model of the CHB Converter

Starting from the average model of the CHB converter defined
in (1) and (2), the following equations can be derived describing
the CHB converter with unitary power factor operation

ar,(t) &
et ; (M;(t)Vaei (1)) — E(1) &)
C dv“;‘i(t) = SMOL ()~ Tosi (), i=1,,N (©)

where E is the amplitude of the grid voltage vector, I, is the
amplitude of the grid current vector, and M is the amplitude
of the modulating signal vector. With a perfectly balanced load,
therefore with similar voltages, each cell is driven with the same
modulating signal

dl, (t)

Ly 2 = N (M(t)Vaa (1)) — E(1) ™
ci‘“/d;—’;(t) = %M(t)[,,(t) —Ipag,i(t), i=1,..,N. (8)

In (7) and (8), the terms M (t)Vic,(t) and M (t)I,(t) are
nonlinear. The small signal linearization around the equilibrium
point at the rated conditions is necessary in order to derive a
linear model of the CHB in the Laplace domain.

Neglecting the second-order signal perturbations, the small
signal linearization of (7) and (8) leads to

di, Vit Yar
JTL=N (Mv;jc,,; +M Vdc,i) ©

ch{ T T T T
2@% =MI, +MI, — 2Ipag,; (10)

where () denotes the small perturbation and () denotes the
steady-state value. These two linear equations can be expressed
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as a disturbance to be rejected by the voltage control loop. The
small signal model of the CHB converter is depicted in Fig. 5.

B. Model of the DAB Converters

The average model of the DAB, as presented in (3) and (4),
contains nonlinearity in the actuating term ;(1 — ;). Fur-
thermore, this term is multiplied in (3) with the controlled
output voltage V,, and in (4), it is multiplied with the input
voltage Vi ;.

A7)

It is assumed that all the DAB converters have the same
parameters. For the modeling, all the DAB converters are
assumed to provide the same output voltage V,,, which is the
dc voltage level chosen for the power distribution system in
the smart grid. Considering that some of the outputs of the
dc multibus can be connected in parallel on the basis of the
configuration of the dc smart grid, the small signal model of the



/N S .
—> 7
V H v o,N
L]
s TN DABN:
Fig. 6.  Small signal model of the dc—dc power conversion stage.

overall dc—dc power conversion stage is derived assuming that
the DAB converters outputs are parallel connected and supply
a resistive load denoted as R,

N
N N N R, N
L=N"1:., V()=—22 ], 18

; o Vo) = e T (18)

Hence, substituting (17) into (18), it results in

R Sy
‘;; =2 DAB ~i 1—2&3‘2‘71
) = Ty o 2 o (128 W
+ Vaei (1- ) &} 19
It is possible to define two constant gains as
Tbas =\ o
Gyi= L (1—2%;) Vies
Tbas =\ =
= —— (1 — ®;) ;. 2
GV,Z oLpin ( L) i (20)

Hence, the final expression of the output voltage loop is

N R, N . _
v, (s) = (m) > [Geiti + GraVaei|. @)

i=1

In such control system, f/o is the controlled variable, @; is the
input, f/dwj is considered as an external disturbance, and R,C,
is the plant time constant. The small signal model of the dc—dc
power conversion stage is presented in Fig. 6.

III. PROPOSED CONTROL SYSTEM

With regard to the case study presented in Fig. 2 and to the
control features shown in Fig. 3, the overall control system of
the first two stages of the ST can be designed as proposed in the
following.

A. CHB Converter Control System

The basic control functions of the CHB converter are the dc
voltage control and the ac current control. The outer dc voltage

control loop provides the reference to an internal current control
loop, as shown in Fig. 7. Details about the CHB converter mod-
ulation can be found in [4]. Processing a single-phase sinusoidal
current, the P + Resonant (PR) controller is a good choice for
the inner current loop as already demonstrated in [42].

The proportional and resonant gain of the PR controller can be
tuned to achieve optimal damping (damping factor ¢ = 0.707)
and short settling times corresponding to an overshoot around
5% in the step response [43]. In this hypothesis, a second-order
transfer function can be used as a good approximation of the
current loop transfer function based on a PR controller:

2
(3T )2

T2y 2 _2
s +3T55+(3T5)1

(22)

The outer loop is based on a PI controller and the parameters
of the PI voltage controller can be tuned in order to decouple
the internal current loop and the external voltage loop dynamics.
The open-loop transfer function of the overall dc voltage control
loop is

K, (Tis+1)

NVgei (T, 1
Gy (5) = = w) (23)

HI;; (s) ( I_g (T,s + 1)

where K, is the proportional gain and 7; is the integral time
constant. The design of the voltage control loop is made in
order to obtain a dynamics, which is ten times slower than the
closed-loop current dynamics at least.

As first step, the Pl integrator time constant 7; has been chosen
equal to the plant time constant 7},. Considering a perfect pole-
zero cancellation, the voltage open-loop transfer function in the
Laplace domain is

K,MN\ (T, 1
Gv, (s)z( e >( ).

If the current control loop is adjusted to be optimally damped,
a first-order approximation can be useful when calculating the
bandwidth of the system and when designing the voltage loop
with a bandwidth smaller than the one of the current loop [43]

1
Hj, (s) =

—_ =— 25
. GBTos 1 1)’ few_cc or T (25)

Substituting the first-order current loop approximation of (25)
into (24), anew simplified open-loop transfer function is derived

Gy (s) = 2Lt D)

K, NN
- s(3Tys+1) '

ith k=
wi 5C,

(26)

Starting from (26), the closed-loop transfer function of the
voltage controller is

kE(T.s+1)

HVdc (8) = 3T582 _|_(sz +1)8+l€

27)

This equation shows the dependence of the closed-loop trans-
fer function on the value of K,, which is the only tunable pa-
rameter to guarantee the bandwidth specifications.

The entire cascaded control system based on the small signal
model of the CHB converter is presented in Fig. 7.
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B. DAB Converters Control System results in
The main task of the DAB converters control system is the 1 B ~ Gy N o
regulation of the common output voltage V,, to its reference ¢ =K, (1 + T S) (V:)* - Vo) - NG Z Vaei- (29)
value. The control scheme of the DAB converter is shown in ‘o ?i=1

Fig. 8. Starting from the equation of the DAB converters output
voltage

7 Ro
Vo (s) = (ROCOS +1

N
> (Ncw +Gy Y Vd> (28)

i=1

a control law can be defined, which considers ¢ as the control
variable and V. ; as a measurable disturbance. The effect of the
input voltage variations f/dc,,; of the DAB converters on the out-
put voltage V, can be compensated introducing a feed-forward
action whose effect is added up with the feedback control. Just
in this hypothesis, the DAB converters control can be decoupled
by what occurs in the CHB converter. Hence, the control law

The final open-loop transfer function is the following:

Ho ) (30)

) (ROCOS +1

where K, and T;, are, respectively, the proportional gain and
the integral time constant. Choosing 7;, equal to R,C, (pole-
zero cancellation), the closed-loop transfer function Hy ,(s) is
derived as follows:

T, s+1
Ti,s

Gvo (S) = NGpr() (

1

(1 + KDAstU )

It results in a first-order system, with reference tracking and
disturbance rejection capability depending on the value of the
proportional gain.

HVO(S) = with  Kpap = 31

Co
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C. DC Voltage Balancing Control

The voltage balancing control is based on a PI controller for
each dc link. The phase shift angle for each DAB converter is
corrected by subtracting the contribution of the voltage balanc-
ing controller Ap;. This is shown in Fig. 8. Hence, in case of an
ST with N power cells, the phase shift for each DAB converter
can be calculated as

~
1 1 - -

pi =¢p—K i1 —EVi—Vi

2 ® pBAL, ( + TBAL,z'S) (N < dc, dc, )

(32)
where K, gar; is the voltage balancing proportional gain related
to the ith dc link. Tgar; is the voltage balancing controller
integral time constant, which is tuned to guarantee zero steady-
state error.

Considering also the acquisition and the pulsewidth modula-
tion (PWM) time delay, the open-loop transfer function of the
voltage balancing control between the ith dc-link voltage and
Ag; can be easily derived in Fig. 8. It results in

__2G,
~ 3TpasCi
1 (5 + Lt

1 2 1
(s+2) (+as) (+ae)

Choosing Tgar; = 1), and thereby cancelling the slowest
pole, the new open-loop transfer function is

—~ KpBAL,iGgp
C;s (1-5TDAB3 + 1) '

Equation (34) shows the relationship between the parameters
of the dc voltage balancing controller and the theoretical model
of the ST.

For a comparison of the control schemes, the voltage balanc-
ing control performed by the CHB is shown in Fig. 9.

In Fig. 9, Vi is the dc voltage measured at the ith dc link
of the CHB converter, z}? is the current reference, and mpar. ;
represents the contribution to the modulating signal of the ith
H-bridge in order to balance the dc voltage.

The modulating signal for the ith H-bridge is defined as

N
1 1
14+ KypaLi [ 1 > Vaei — Ve
-+ L$,BAL, ( +TBAL,iS> (N - de, da)

(35)

V:ic,i (5)

(33)

GRBaL,i (5)

(34)

m; =m

where Kppar,; and Tgar,; are, respectively, the proportional
gain and the integral time constant of the ith CHB cell voltage
balancing controller. By varying the parameters, it is possible to
regulate the control action.

The open-loop transfer function of the voltage balancing loop
GpaL,i(s) can be derived in Fig. 10, where the PI controller
transfer function, the model of the PWM time delay, the induc-
tive grid filter, and the ith dc-link model are taken into account

M

1 1
GBaL,i =5 i\l
BAL.i () o -PBAL;i ( + TBAL,z‘S) (1.5Tss + 1)

» 1 R;
LgS+Rg RZOTS+1 ’

IV. SIMULATION AND EXPERIMENTAL RESULTS

(36)

With the aim to validate the effectiveness of the proposed
control structure and the theoretical models of the overall sys-
tem, an experimental setup related to a small-scale ST has been
built and it is shown in Fig. 11. Due to the experimental setup
constraints, the first two stages of the ST consist of a five-level
CHB converter connected to the distribution grid and feeding
power to two DAB converters. The DAB power modules are par-
allel connected in output and they supply a resistive load. The
H-bridges in the CHB converter and the DAB converters are
based on DP25H1200T101616IGBT Danfoss module and the
system is controlled with a dSPACE SCALEXIO platform based
on three DS2655FPGA boards; each board is programmed with
an FPGA Xilinx blockset toolbox. The power stage parameters
are summarized in Table I.

A. CHB and DAB Converters Model and Control Validation

For the validation of the CHB model, the responses of the
system to a reference voltage step (AV;. = 10 V) are compared.
This is shown in Fig. 12, where the step is applied att = 1 s and
the small signal model response, the average model response,
and experimental results are compared. As can be seen, the
voltage provided by the real system tracks the response provided
by the models.

Similarly, the responses of the DAB converter in case of a
reference voltage step (AV," = 1 V) have been compared by
considering the output voltage provided experimentally and the
results provided by the average and the small signal model in
simulation. As in the previous case, the analytical results match
well with the experimental results (see Fig. 13). Finally, the ef-
fects of power variations on the dc-link voltages are analyzed:
att = 0.5, the power processed by the first DAB converter is
increased and the power processed by the second DAB con-
verter is reduced by maintaining constant the overall output
power. It can be observed that the power step implies a transient
voltage variation for each dc link and the small signal model re-
sponse tracks the average model without significant deviations
(see Fig. 14).



~

|2 b o VCHH g VDCJ
DC sum + g + + 1 1 M R
VC BESO— CC B — T s
- + 1.5Ts+1 - Ls+R, 2\ RCs+1
V - o Voltage Control Current Control
DC sum ] urrent Contro PWM E Grid Filter DC,— Link

1 N
NZ1: VDC,:’

Pl

Voltage Balance Controller
DCi

5

Fig. 10.  Detailed voltage control scheme in case of voltage balancing in the CHB stage.

N
[+
b

T T T T
DC*_VDC Small Signal Model VDC Average ModeI—VDC Prototype |
|
J
I
|

,;V

V. i-th DC-Link [V]

N N N N N N N

(2] (4] (4] (2] ()] ()] (2]

o N y [e)} [s°) o l\‘)
I

Fig. 12.  CHB converter: response of the system in case of a reference voltage
step AV = 10V (Teting = 100 ms).
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of a power step for DAB; and DAB; (simulation results).

(fsw.cc = 160Hz). As a result, the phase margin is around 75°,
which is a good compromise between robustness and dynamics.

For a fair comparison of the two balancing controllers, the
bandwidth of the balancing control loop in the CHB stage has
been chosen in order to guarantee the same robustness (same
PM). The result, in this case, is a low bandwidth (4 Hz). If the
target is to reach a bandwidth of 160 Hz, the balancing method
in the CHB stage is unstable. This demonstrates the better per-
formance of the proposed balancing method in comparison to
the classical approach.

For the demonstration, the frequency responses of the two
balancing controllers are shown in Fig. 15. A significant dif-
ference in the bandwidth (BWcyg = 4 Hz, BWpag = 160 Hz)
of the two control systems and consequently in the disturbance
rejection capability is observed.

The voltage balancing control operated by the dc—dc power
conversion stage of the ST exhibits superior performances than
the voltage balance control operated by the ac—dc converter of
the ST. This is because of the higher switching frequency in the
dc—dc power conversion stage than in the CHB.

The different dynamic performances can be observed also in
Figs. 16 and 17, where the dc-link voltages of the five-level CHB
converter are shown moving from a power balance to a power un-
balance condition. Starting from Ppap 1 = Ppap2 = 1kW,
the DAB converters power reference is changed in Ppp 1 =
1.5kW and Pp4p 2 = 0.5kW. As expected from Fig. 15, the
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Fig. 17. CHB voltage balancing control: dc-link voltages in case of a power
step for the two H-bridges (simulation results).
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Fig. 19. CHB voltage balancing control: dc-link voltages in case of a power
step for the two power modules (experimental results).

response provided by the proposed control system is faster than
the response of the voltage balancing performed by the CHB
converter.

The simulation results are validated experimentally with ex-
periments similar to those performed previously. Results are
shown in Figs. 18 and 19.

As expected from the simulation results, the transient
behavior duration related to the balancing control in the dc—dc
stage is shorter than the transient behavior duration related to
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the balancing control in the CHB stage and also the transient
peak voltage is lower. It provides information about high
rejection to external disturbances and it suggests using the
voltage balancing method in the isolation stage rather than
in the medium voltage stage. Remarkably, the experimental
results fit the simulation results shown in Figs. 16 and 17.

Finally, Fig. 20(a) shows the output currents of the two DAB
converters before and after the change in the power references.
Before the change in the reference, the output currents of the
DAB converters have the same mean value and their ripples can-
cel out each other. The overall output current is [, = 8 A. After
the power variation, the output currents of the DAB converters
are I, = 6A and I, » = 2 A. Because of the unequal power
sharing between the DAB converters, the currents exhibit higher
harmonic distortion [see Fig. 20(b)]. The increased distortion is
the drawback of the presence of a circulating current path when
the DAB converters work with different phase shifts, sharing a
different power to the load.

V. CONCLUSION

One of the main issues in a modular ST is the dc voltage
balancing among the power cells. In case of a three-stage archi-
tecture based on a CHB converter for the ac—dc power conver-
sion stage and DAB converters for the dc—dc power conversion
stage, the CHB converter is commonly in charge of the volt-
age balancing. However, looking at the overall ST system, it

can be advantageous that the dc—dc power conversion stage is in
charge of the dc voltage balancing, because in dc smart grids the
power flow is commonly not balanced. With the proposed con-
trol technique, the dynamic performance of the voltage balanc-
ing is improved, ensuring a larger bandwidth than the traditional
control method. It is due to the higher switching frequency of the
dc—dc power conversion stage than the switching frequency of
the ac—dc power conversion stage.
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