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Abstract—A new concept in the power system management tion Voltage Regulation (CVR) approach for energy saving
is the asynchronous connection of grids. This connection occurs purposes [5]. However, the voltage set-point is controlled in

at different voltage and power level: high voltage, with HVDC e |0 and the load sensitivity to voltage are not taken
systems, and medium/low voltage, with back-to-back converters . ¢ t D di th I arid itivity t
and Smart Transformers. The decoupling of the power ow INtoaccount. Lepending on the overall grid sensiuvity to

between the two grids allows higher controllability, including the Voltage, a decrease of the grid voltage can even increase the
possibility to control grid voltage and frequency independently thermal stress for power semiconductors in the grid forming

in the two grids. This work aims to investigate and mitigate the converter, that depends mainly on the grid current. In presence
thermal stress in grid-forming converters (e.g., Smart Transform- of constant power loads, a voltage reduction leads to a current

ers) applying a load voltage-sensitivity control. Depending on the . .
nature of the loads, their power consumption varies with the NCT€ase, and thus to higher thermal stress. Consequently, the

voltage. This response is dependent on the connected loads andoad sensitivity must be known before to apply the control
can be characterized by constant power (independent from the action for a proper grid management [4], [6].
voltage), constant current (linearly dependent on the voltage) and  This work investigates the potential of controlling the grid
constant impedance behavior (squared-dependent on the voltage). a6 for increasing the maximum operating range of the
The sensitivity to voltage is exploited to control the load power . . .
consumption, reducing the junction temperature uctuations and ~9rid-forming converter and for reducing the stress of the power
thus the power semiconductors stress. As a consequence, th&emiconductors. The damage reduction is quanti ed and the
converter operational range can be increased, reducing at the obtained results are compared to the application of CVR,
same time the stress for the power semiconductors. where the load sensitivity to voltage is not considered.
First, this work provides the basic concepts of the grid
voltage sensitivity along with the importance of the junction
The power volatility introduced by renewables calls for gemperature for the reliability of the power converter. Section
fast and reliable control of power grids. As a solution t@l| demonstrates the capability of the voltage and frequency
improve the grid management, the asynchronous connectigrthe stress in case of a constant impedance, constant power
of grids has been proposed [1]. It allows to decouple thghd constant current load. In the fourth section, experimental
grids AC power ow, and thus to control the connected gridgesults are shown to validate the potential of the introduced
independently. It can be implemented at different voltaggproach and the results are concluded in section V.
level and for different purposes: in HV grids, with HVDC
systems, it helps to transfer power in remote points of the ||. GRID VOLTAGE SENSITIVITY AND JUNCTION
transmission grid, whereas, in MV and LV grids, it helps to TEMPERATURE MODELING
manage the grid as a controllable resource. At this regard, . ) ) )
technologies such as Smart Transformers (ST) or HVDCTh'S section rst introduces the concepts of different load

stations represent an asynchronous connection solution for gftaviors resulting in different sensitivity to the grid voltage.

grid [2], [3]. However, operating as grid-forming converterThe second subsection examines on the importance of the

the power processed by the converter cannot be controlEgVer semiconduptor'g junction temperature gnd provides the
directly, but it depends solely on the grid power demand. Thj¥ndamentals for junction temperature modeling.
depending on the power injection, the power semiconductor's . . L
in the converter can suffer from high thermal stress, caus'g‘d Load behavior and grid voltage sensitivity
by the intermittent power uctuations. Grid connected loads can be characterized by a certain
To reduce the thermal stress for the semiconductors, thewer level, certain dynamic behavior and a certain behavior
grid forming converter can exploit its capability to control thevith respect to grid voltage variations. Thereby, the grid
voltage in the grid to shape the load consumption and thusltage is the only parameter, which can be affected by control
to reduce the power variations in the grid forming convert@f the grid feeding converter. The behavior of the loads with
[4]. The possibility to decrease the load consumption loweringspect to grid voltage variations can be described with three
the voltage has been already considered in the Consergharacteristic behaviors:

I. INTRODUCTION



Fig. 1: Current and Power characteristics for constant impedance load (left), constant current load (centre) and constant power
load (right).

of the loads needs to be known.
/9'& T A common way to characterize the load composition of a
grid is the use of ZIP indicator&z, K|, andKp, representing
J J J[,_l

hL the constant impedance load, constant current load and con-
Fig. 2: Two level voltage source converter.

if the grid voltage is changed. Moreover, if the goal is a
g‘l 7 g‘l reduction of the power semiconductor's stress, the behavior
K1 K Ky K1 9se

d 9 stant power load share, respectivédy.= 0.5 means that 50%
of the load are constant impedance loads. The sum of the three
factors equals one as expressed with (4) [7]:

Kz+ K|+Kp:1 (4)

Constant impedance load (e.g. incandescent lighting, ungased on this de nition, the power consumption of the load
regulated motors) Poad IN @ grid can be described in dependence of the base

Constant power load (e.g. converter feed variable speggyerp, at the reference voltagé, and the grid voltagd:
drives, computer, TV) |

Constant current load (e.g. uorescent lighting) v 2 v
The characteristic behavior of the different load types is Road(V) = R Kz % T K| v Kp ®)
visualized in Fig. 1. In addition to the power consumption of
the load, the current is sketched in dependence of the gridf generation in the grid is considered, the power of the grid
voltage, because the current is primary responsible for tfigeding converter can either be injected into the grid or the
losses in power semiconductors. This is shown for the const@atver ow can reverse. Moreover, the generators will act as

impedance case in (1) constant power sources independently from the grid voltage.
As a result for non-reversing power ow, the power, which
V2 v 2 needs to be processed by the grid forming converter can be
P= R =R Yo for constant impedance loads (l)escribed with (6) [4].
where P is the power demand at the voltade and Ry v K %
is the reference power demand at reference voltageR is PV)= R — (6)
the resistance of the load. The constant current load and the Vo
constant power load are expressed with the curteint (2) |t can be interpreted from the equation, that the generation
and (3), respectively: in the grid affects a higher sensitivity of the load current to
the grid voltage in case of the presence of constant impedance
v 1 and constant current loads.
P=V I=hk A for constant current loads  (2)
0 B. Thermal stress and junction temperature modeling
v © The wear out and failure mechanisms of power semicon-
P=R=Rh = for constant power loads  (3)ductors are caused by thermal stress, which affects the inter-

Vo faces between layers of materials with different coef cients
As it can be interpreted from Fig. 1 and (1)-(3), a variatioof thermal excursion. During operation, the mission pro le
of the voltage affects different responses of the load currdést causing power variations, which are affecting variations
for the different load types. In particular for the constardf losses and therfore junction temperature variations. These
impedance load case, an increase of the grid voltage hasvanations cause the wear-out and potentially result in a failure
opposite effect than for the constant power load. For thig the devices. The most commonly found failure mechanisms
reason, knowledge about the load types is of high importan@ee bond wire liftoff and solder fatigue [8].
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Fig. 3: Power losses and junction temperature of IGBT and diode for varying grid voltagens and different load types.
No distributed generation.

A common way to express the lifetime of a power semi- As a consequence, it is targeted to reduce junction tem-
conductor is schematically expressed in (7), where the lifperature uctuations for increasing the lifetime of the power
time of semiconductors is quanti ed by the manufacturer isemiconductors. The reduction of the junction temperature
dependence of the number of junction temperature swiiygs uctuations by means of software is referring to active thermal
with the magnitudeDT; and the average junction temperatureontrol [10] and in the following, it is applied by controlling
Tj.av With the tting parametersa;,a; and az. Remarkably, the grid voltage.
the magnitude of the junction temperature has exponential
in uence on the lifetime of the devices.

I1l. | MPACT OF GRID VOLTAGE VARIATION ON JUNCTION

8 TEMPERATURE
Nf = a1 (DTj)azeTJ?aV @)

For the evaluation of the lifetime, the damage is commonly In this section, it is investigated how the grid voltage
accumulated linearly with Miner's rule shown in (8) control can be used to reduce thermal stress for the power

semiconductors in a power converter. Therefore, the losses
_ o N of the different load types are derived in dependence of the
C= "3} N (®) grid voltage for a two level voltage source converter as shown
in Fig. 2. Based on these losses the junction temperature is
HereC is the cumulative damag®e; the number of cycles derived. Therefore, the switching losses and the conduction
in the stress rangeandN; the number of cycles to failure in losses of the power semiconductors need to be derived. These
thei th stress range. Thus, the more thermal cycles ocdosses can be split into conduction and switching losses for the
in the mission pro les the more the cumulative damage wiwitches and diodes . For the switches, IGBTs are considered
rise. If the cumulative damage reaches 1, the module will faihd the switching losse&y,t and the conduction losses
according to the model [9]. Peonat Can be derived with (9) and (10) respectively [11].
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Fig. 4: Power losses and junction temperature of IGBT and diode for varying grid voltagens and different load types.
90% distributed generation.

p m COSJ 1 m cog

gy (™) 1®

(12)
In these equationsE;; represents the reverse recovery
lossesyvg.o is the on state voltage drop of the diode agds
the resistance of the diode. For obtaining the junction temper-
ature in stationary condition§;r, the losses of the transistors
(10) can be multiplied with the thermal resistance between junction
In this equation fsy is the switching frequencym the and caseRyjc and need to be added to the case temperature
modulation indexcogj ) the power factorCsy is a parameter Tc. This is shown for the junction temperature of the IGBT in
showing the temperature dependence of the losse€anid (13), where the conduction and switching losses of the IGBT
the sum of the turn-on and turn-off losses at the referenaee considered.
current lef, the reference voltag®,et and the reference
temperaturdc;. The conduction losses are approximated with
the temperature dependent voltage dvgp and the resistance
ree. In a similar way, the conduction losses of the diodes This equation only holds for stationary analysis. However,
P.ongp and the reverse recovery loss@s can be expressedit is used in the following to evaluate the potential of the
with (11) and (12), respectively. grid voltage variation for the thermal stress reduction of the
semiconductors. Fig. 3 demonstrates the effect of varying the

2
p

PeondT =( % )Vd O(TJ) I +(

I
Pout = fow Esu= (V )L+ CoulT Teer) (9)
re ref

m 0031 1 m cog

PeondT =( 5 ———)Veeo(Tj) |+( 3p ——)ree(Tj) 12

Tpr =T+ Rth;jc (PeondT + PswT) (13)

P>

P = fsw Enr—
(18 sw I’I’p

|
i G
ref

Vief

)13(1+CSW(TJ Tref)) (1)

grid voltage betweenVgyig;ms = 0:9:::1:05pu for the three
different load types without additional distributed generation
in the grid. As expected, it can be seen that the losses can be



Grid forming converter module,Ggs is the transfer function between losses and grid
voltage andGp () is the transfer function of the Pl-controller.
As it can be seen in (9) and (10), the transfer function between
the grid voltage and the power semiconductor losses is par-
tially independent from the voltage and partially non-linear.
However, due to the small variation of the grid voltage, it is
approximated withGjoss= Kioss: This results in the challenge
of small time constants related to the thermal impedance and
the resultant time constant o the the voltage controller, whereas
ZIP factors ~ the approximated voltage controller already limits the potential
kz, ki, ke dynamics of the temperature controller.

If only a single thermal chain is considered 8y, in (14),
the open loop transfer function can be derived. Therefore, the
Pl-controller is tuned with the modulus optimum, resulting in
the cancellation of the zero of the Pl-controller with the pole
of the thermal impedance. This results in:

Kp Rth'eq kIoss

Gihol(8) = ———M—=—1 ==>°
tiol(S) Tis+ TiTys?

with the equivalent thermal resistance of the rst order

. . . ., thermal chainRneq the time constant of the integratdy,
in uenced and therefore the junction temperature. The hlghﬁaﬁ Riveg gratar

tential exists for th tant i q load. wh te proportional gain of the integratéz; and the equivalent
potential exists for the constant impedance 0ad, whereas [ e constant of the voltage control lodp. As a result, the
constant current load has the lowest potential.

Fig. 4 considers distributed generation in the grid, whicﬂosed loop can be expressed with:

increases the capability to control the losses and therefore the 1

-, o Gl (S) = : A (16)
junction temperature signi cantly. Here, the normed losses can ' 1+ Ti S+ Tila

be varied in a much higher range, even if the overall losses are _ Ke1 Rieq Koss™ * Ket Ritveq oss
lower than in the case before. With respect to the sizing of theThis equation needs to be evaluated carefully, because the
converter, this offers the potential to reduce the size of the gifgermal model is only evaluated for a single thermal chain.
forming converter, while still ful lling the required operations. It results in the negligence of the fast thermal dynamics (at
However, in this section, the grid voltage control is utilized tghe junction) and the slow thermal dynamics (of the cooling

reduce the thermal stress for the power semiconductors. System). Consequently, the parameters of the PI-controller
may need to be adjusted to obtain the required dynamic
IV. REDUCTION OF THE JUNCTION TEMPERATURE performance.

FLUCTUATIONS

In this section the thermal controller design is demonstrat
and an evaluation of the junction temperature for the most
extreme load cases is shown.

Vde

Fig. 5: Scheme of the proposed grid forming control. (15)

B, Evaluation of the impact of grid voltage control on the
rmal stress

For evaluating the performance of the thermal controller,
a mission pro le for a grid with fast changing power cycles
A. Temperature controller design is considered. The pro le length is chosen to be one minute

For the goal of the thermal stress reduction, the junctidf order to obtain a time period in which reasonable fast
temperature is proposed to be controlled by Controning tﬁpwer variations occur, which can still be simulated. The
grid voltage. This is done in an additional cascaded logPplied thermal model is described in [12] and it is suitable for
as shown in Fig. 5. The junction temperatures of the powgpabling thermal simulations with relatively long time periods
semiconductors is sensed as well as the load sensitivity ffrseéveral minutes. The considered mission pro le is simulated
setting the reference voltage of the grid. With this informatiofOr the two most extreme load behaviors with respect to the
the grid voltage is controlled with two cascaded PR controller@fid voltage sensitivity, which are the constant impedance

The temperature controller is implemented with a Pfoad and the constant power load. Any other mix of the load
controller and the open loop transfer function of the systef@Mmposition will have a lower grid voltage sensitivity. For the
Ginol(9) is expressed with: investigation of the junction temperature sensitivity to the load

composition, the junction temperature is simulated for the case
Tit9 with constant nominal grid voltage, the application of CVS

2 = Gy(9) Gin(s) Gios(S) Gpi(s) (14) (95%Vy) and the temperature control. The thermal pro les for
V(s the case of a constant impedance load are shown in Fig. 6.

In this equationGy (9) is the closed loop voltage controller, In the gure, only a moving average of the junction
Gin(S) = Zin:jc(s) is the thermal impedance of the powetemperatureljmeanis shown, because otherwise the junction

Gth;ol(s) =



250} =110
s 240‘ ,,,,,,,,,,,,,,,,, 105 &
12} [}
E 23— — i — X — ———— - — - 100 E
pel °
S 220 e o D QP e — . R, =95 [S)
‘ >
210¢ t t r r i —90
0 10 20 30 40 50 60
SOOLMM T T T
_ L T i m-'ﬂ Who P ",
< o b R A T N U VL Y
< 200 oY Y NG A
[ M3, 4 rd 7 . bW
E Wy e S i o W
g 100 e i g
0
0 10 20 30 40 50 60
5)
LC 80 —not controlled
3 ——CVR: 95%
£ 70
g p, temperature controlled
B YT T
S 60 \%;\ -l
'_
'_
@ 50
S o 10 20 30 40 50 60

Fig. 6: Simulated junction temperature of an IGBT in the 2 level voltage source converter feeding a constant impedance load
based grid for a mission pro le with fast changes in the power consumption and generation. Comparison between operation
with constant voltage, CVR (grid voltage = 95% of nominal grid voltage) and junction temperature control.
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Fig. 7: Rain ow counted thermal cycles of the voltage control strategies of the grid feeding converter feeding a constant
impedance load as shown in Fig. 6: (a) Constant nominal grid voltage, (b) CVR, and (c) temperature control.
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Fig. 8: Rain ow counted thermal cycles of the voltage control strategies of the grid feeding converter feeding a constant
impedance load: (a) Constant nominal grid voltage, (b) CVR, and (c) temperature control.

temperature cycles affected by the fundamental frequencyinfthe gure, the junction temperature follows the current
the grid (fg = 50HZ) are visually dominant. As it can be seerpro le, as expected. The CVS achieves a reduction of the



Symbol Description Value

ﬁl Vo (rms) Grid_ voltage (rms) 120v

v '. | fg (rms) Grid frequency 50Hz
e H L Filter inductance 35mH
-|| Vbc DC-link voltage reference 400V

Road Load power 5kW
dc-source 2 level VSC LC-filter Electronic load Pyen Power of distributed generation OkW
. . . kz; ki ; ki ZIP composition 1;0;
Fig. 9: Scheme of the test bench used to obtain the experi-  —L2K:Ke] P [1:0.9
mental results. TABLE II: Parameters of the experimental setup.
Normalized Damage Damage reduction V. E
damage reduction (CVR) | (temperature control) - EXPERIMENTAL VALIDATION
Const. Z-load | 1 40:4% 42:7% . .
Const Pload | 1 313% 3310, To validate the effectiveness of the proposed method, the

] experimental setup represented in Fig. 9 is used with the
TABLE I: Reduction of the accumulate damage for the consarameters shown in Table 1. The junction temperature is
stant impedance load (Const. Z-load) and the constant POVMectly measured with an Opsens Prosens system, enabling
load (Const. P-load) for the simulations with constant grigensor response times offs Similar to the simulation study,
voltage, application of CVS and temperature control. three cases are shown in Fig. 10. The rst case shows the
junction temperature undergoing a pro le with constant nom-
inal voltage, the second case shows the junction temperature

load current and therefore of the temperature. The temperat{ffe the application of CVR and the third case applies direct
control instead is acting like CVR for roughly half of the timgunction temperature control.

and increases the voltage to increase the temperature duringh€ results of the laboratory experiment in terms of ac-
down swings of the load power demand of the grid. The relaté§mulated damage are also similar to the simulation results.
junction temperature is lower than the one of the constaRgin ow counting is applied for the laboratory results, which
V0|tage case and h|gher than the one of the CVR case. iS ShOWI’] in Flg 11. The aCCUmUIated damage I’eduction Of the

. 0 .
For the evaluation of the thermal stress, Rain ow countint?e‘lr%%/er::]udr?hg:;}é?le Isslizftl/o 'I(;/\\::]e‘irzajng\ferretiuelte?(f ecr?ﬁerlftzal
is applied to count the thermal cycles of the temperature” 0 gntly ' ' P

pro le. This is shown for the junction temperature pro le c)frgsults match with the results obtained in the simulations.
the constant impedance load under the application of the three

control strategies in Fig. 7. As it can be seen, the thermal
cycles are shifted to lower temperature magnitu@igsg and High power injection volatility increases the thermal stress
to lower thermal swing®T;. Remarkably, the in uence of the in grid-forming converters, such as the LV converter in STs.
CVR and the temperature control is comparable. Lowering the voltage to decrease the power consumption,

The same mission pro le is run for a constant power load. iith & mechanism, similar to CVR, may increase the thermal
this case, the results of the Rain ow counting for the junctiofitress instead of decreasing it. In order to maximize the
temperature pro le of the IGBT is shown in Fig. 8. SimilaroPeration range of a system and for a reduction of the power
to the constant impedance load, the CVR and the temperatBgniconductor's thermal stress, the control of grid voltage
control achieve a very similar shift of the mean temperatuf@nsidering the load sensitivity evaluation is proposed. A
Ti.avg Of the thermal cycles and their magnitudie controller is designed, which controls the junction temperature
8nd adapts the output voltage to reduce power uctuations
oef the grid forming controller and thus the thermal stress
? its power semiconductors. The results of the proposed

and the junction temperature control strategy. The results & proach are compared to the application of CVR, which

the damage evaluation is normalized and shown in TableS> not take into account the loads sensitivity. A damage
g ‘reduction for a load pro le is demonstrated to be@% for the

As it can _be seen, the thermal stress rgductlon by applylg&R algorithm and 42% for the direct junction temperature
the CVR is 40% in case of a constant impedance load an . . oy : :
control, making the algorithm a promising solution without

31% for a constant power load, respectively. The difference . .
compared to the active temperature control achieves in bSRSNg additional costs.
cases an additional damage reduction of 2%. This value is
only slightly better and alone it is not suf cient to motivate
the application of temperature control. However, more energyThis work was supported in part by the European
is supplied to the loads for the temperature control in case tbeion/Interreg V-A Germany-Denmark, under PE: Region
load is not a pure constant power load. In addition the lossemoject and in part by the European Research Council un-
and thereby the thermal stress for the devices in the ST ader the European Union's Seventh Framework Programme
be controlled as shown in Fig. 3 and Fig. 4. (FP/2007-2013)/ERC Grant Agreement no. 616344 - HEART.

VI. CONCLUSION

For the evaluation of the lifetime impact of the propose
method, Miner's rule (8) is applied for the constant impedan
load case and the constant power load case in with the C
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