N
N

N

HAL

open science

Grid connected converters as reactive power ancillary
service providers: Technical analysis for minimum
required DC-link voltage
M. Merai, M.W. Naouar, I. Slama-Belkhodja, Eric Monmasson

» To cite this version:

M. Merai, M.W. Naouar, I. Slama-Belkhodja, Eric Monmasson. Grid connected converters as re-
active power ancillary service providers: Technical analysis for minimum required DC-link voltage.
Mathematics and Computers in Simulation, 2019, 158, pp.344-354.

hal-03271461

HAL Id: hal-03271461
https://hal.science/hal-03271461

Submitted on 29 Jun 2021

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.

10.1016/j.matcom.2018.09.016 .


https://hal.science/hal-03271461
https://hal.archives-ouvertes.fr

Version of Record: https://www.sciencedirect.com/science/article/pii/S0378475418302489
Manuscript_8e4667be9717a64e8a2¢75b16€187223

Grid Connected Converters as Reactive Power Ancillary Service
Providers: Technical Analysisfor Minimum required DC-Link Voltage

M. Meraf, M. W. Naouat, I. Slama-Belkhodjaand E. Monmassén

abeyniversité de Tunis EI Manar, Ecole Nationale gdnieurs de Tunis, LR11ES15 Laboratoire de Systemes
Electriques, 1002, Tunis, Tunisie, Tunisia.
® SATIE-IUP GEIl, rue d’Eragny, 95031 Cergy PontoiSeance.
e-mail: meriem.merai@enit.utm3mwissem.naouar@enit.utntilhem.slamabelkhodja@enit.utnf tn
eric.monmasson@u-cergy' fr

Abstract

Providing solutions for reactive power compensatient to reactive loads is beneficial for the efficy of the
overall grid system. The main reactive power conspéon solutions are based on passive VAR genearétke
capacitor banks) or active VAR generators (likdistd{ AR generators). Extra use of VAR generatora ba
avoided by providing reactive power through rende&nergy systems or loads, which are connectéuktgrid
throughGrid connected Converter&cCs). In fact, GcCs can be controlled so thataddition to their main
control task, they realize an additional reactiogver ancillary service. In this context, this papeestigates the
achievement of reactive power ancillary servicengsthree-phase GcCs and presents a detailed amnalysi
regarding the determination of the minimal requii2@-link voltage level for proper operation of Gc@s
reactive power ancillary service providers. Thialgise is done under both steady-state and transigmlitions.
Several simulation and experimental results arsgmted to confirm the validity of the obtained gtiahl
results.

Keywords Reactive power compensation, Grid connected CoengerDC-link voltage
1. Introduction

Reactive power compensation remains as an impottgftnical challenge in the grid system for the
reduction of the power transmission losses, theease of the power transmission capabilities aadehduction
of grid voltage dips [1]. To provide reactive powpassive and/or active solutions are generallg.useregard
to passive solutions, capacitor banks are commeniployed. The use of this solution requires appatgr
location and sizing of capacitor bank values. Tra@nnissue of this passive solution is the resongmoblem
that may occur when the capacitor bank is assati@tenductive elements [2A more efficient and reliable
solution for reactive power compensation can béeaeld through dynamic VAR compensators like ste#dR
generators (SVGs) [3]. This kind of solution praegdseveral advantages, such as dynamic and wide &fn
reactive power compensation in addition to accugate reliable correction of the displacement pofeetor
(DPF).

A key concern during the last years was the inteégraf renewable energy resources in the gridesystn
fact, the fossil energy crisis and unsecured nuckreergy has motivated developed countries to exghan
renewable technologies with the aim of more effiti@nd competitive power generation and controhéReble
energy resources are generally interfaced to tiesgstem through DC/AC grid connected inverterve@ that
renewable energy resources are generally clogeetpdint of power consumption, they can be usetastive
power ancillary service provider thanks to the ittdéity of the related grid connected invertersg§-On the
other hand, with the reduced cost and enhanceabildly of power electronic converters, AC/DC gddnnected
rectifiers are more and more used to interface éetwsome loads and the grid. Grid connected redifise a
power circuit similar to that of the grid connectgnverter systems, but with the difference of povlew
direction that becomes from the grid to the DC sitleerefore, they can also realize the same reagtbwer
ancillary service using the same control as thaeeldped for the grid connected inverter systems [5]

This paper focuses on the control of three-phadd Gnnected Converters (GcCs)e( Grid connected
inverters or rectifiers) as reactive power ancyllaervice providers. The control of GcCs is gererdhsed on
two control loops: 1) an internal current controbp that ensures a decoupled control of active raadtive
powers and 2) an external DC-link voltage contoald aimed to keep the level of the DC side voltegestant
and equal to a predefined reference [9]. To enguwper operation of GcCs as VAR generators and ruipoli
steady-state and transient conditions, the DC4iokage must be selected enough high. On the dthed, a
large increase of the DC-link voltage will leadhigher power losses, higher grid current THD arghér DC-
link capacitor cost. Despite the fact that the t@da of the DC-link voltage is very important fitve considered
application, there is a luck of related discussiwith detailed analyse in previous publications][16 view of
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this, this paper presents a detailed technicalyaizafor the determination of the minimum requi@@-link
voltage level. For this, the factors that must besidered in the selection of the DC-link voltaged! are firstly
identified. Then, a systematic and simplified apgtothat allows an adequate selection of the DCAitage
level is presented.

The rest of the paper is organized as follows.i8e@ presents the modeling and control of a thplesse
GcCs with reactive power ancillary service. Themegailed technical analysis for minimum require@-Ink
voltage selection is presented in section 3. Aftat, section 4 presents and discusses the obtakpEtimental
results. Finally, the last section summarizes th@érnonclusions of this work.

2. Modeling and control of Three-phase GcC with reactive power ancillary srevice
2.1.Modeling

The power circuit of a three-phase GcC that opsrasereactive power ancillary service providemrespnted on
Fig.1.a. In this figureVyayq are the grid voltages at the point of common cogp(PCC),i .1 are currents
consumed by local loadgy,y,g are the grid side currentgg,p, o are GecC AC side terminal voltagegay, g are
the GcC AC side input currentSgy, ¢ are the GeC switching stateg, is the GcC DC side output currentjs

the capacitor currenYy. is the DC-link voltagei is the DC load (or source) curre@tjs the DC-link capacitor,

L is an inductive filter andR is its internal resistor?, andQ, stand respectively for the active and reactive
powers consumed by local loads. The active andiveapowers transferred through the GecC are den®tedd

Q, respectively. The ratio between the reactive payemerated by the GcC and the one consumed hpdhe
loads is equal td. The total active and reactive powers exchangéddsn the grid and the PCC are dend?ed
andQy.

In the following, it is assumed that tieaxis is aligned with the grid voltage vecty and that they have the
same phaséy, (cf. Fig.1.b). In this case, the mathematical modethef GcC, expressed in the,d) frame, is
given by equations (1) and (2) [11].
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wherewq=dfyq/dt is the natural frequency of the grid voltage vedtg Vyqg, Vewg andigqg are respectively

the grid voltages, the GcC AC side terminal voltagad the GcC AC side input currents expresselergta)
frame.
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Fig.1. (a) Reactive power ancillary service by éhphase GcC (by(q) synchronous reference frame
The DC-link model can be expressed as follows
C av,
iy =i+ =i +C —% (3)
dc c dt

The active and reactive powerB and Q) drawn through the three-phase GcC are expresseatding to
equations (4) and (5), respectively [12]. In thegaations/yn, refers to the peak value of the grid phase volage

_3y . _3, . 4

P= Evgd ch _Evgml cd ( )
3., . 3., .

Q = _Evgd Icq = __ngml cg (5)

According to equations (4) and (5), the controthef active and reactive powers is decoupled: thigeapower
is controlled through the axis current.y, while the reactive power is controlled through dgraxis current,



2.2.Reactive power ancillary service

As shown in Fig.1l.a, the GcC operates with a reagtiower ancillary service aimed to compensateraouat
Q=1Q_ (0=k<1)) of the reactive powe®, consumed by local loads. So, assuming that tresl rpower of the
power converter is greater thaliP’+Q?), the GcC will operate like a controllable AC @t source able to
generate a pai® of the whole reactive powdp,. consumed by local loads. The principle of reacfpesver
compensation is depicted on Fig. 2. In this figilBeand S denote the apparent powers consumed at the PCC
before and after reactive power compensation, otisedy. The reactive powe® to be injected by the GcC in
order to increase the displacement power factanfoos() to cos(;) can be deduced according to equation
(6.a). Based on this equation, the coefficie(@<i<1) can be deduced according to equation (6.b).

Q=Q -Q = R(tan(;)- tan¢; )F41Q (a)

tan({; ) (6)
tan(; )) ®)

Notice that the GcC AC side terminal voltage vectn be adjusted in magnitude, frequency and phiasine
used GcC controller. So, the reactive power comgtéors can be adjusted by the GecC AC side inputerttrr
vector that can be controlled indirectly throughdification of the voltage drop on the inductiveéil according
to the applied GcC AC side terminal voltage vector.

A=1-(

Pr=P.£P

Fig.2. Principle of reactive power ancillary seevic
2.3.GcC control with reactive power ancillary service

The control of a GcC converter with the ancillayviee of reactive power compensation is depicted=mn3.
This control can be divided into two categoriese Tinst one includes basic control functions, namel) the
grid synchronization function [13] that computes #rid voltage phaséy, 2) the DC-link voltage controller
that controls the DC-link voltagé;. so that it tracks with good accuracy its referevige[14] and 3) the current
controller that controls the grid currents in tlkg)( frame and ensures a decoupled control of theveaethd
reactive powers [15]. The second category incluthes ancillary function of reactive power extractiand
generation. This function extracts firstly the rmdae component of the load current in thtbgj frame. For this,
an abc-todq coordinate transformation is applied for the meeduwurrents, ¢ to obtain the load current
components in thed(q) framei qg. The reactive current is then determined by fitigrthe i,, component
through aLow Pass Filte{LPF). The LPF allows the elimination of harmon@mponents that may exist in the
measured load current when the treated load isndinear load that consumes, besides the reactiverau
component, an additional harmonic component [1BJalfy, the filtered curreni,q is multiplied by a constant
coefficientd (0<1<1). This coefficient is selected according to temaining available power for reactive power
ancillary service. The resulting current is imposgedheq axes reference point of the current control lodgh w
an opposite sigﬁog*:-iiqu). Thus, the GcC injects a reactive poWeequal talQ,.

GcC control with ancillary service
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Fig.3. Control of GcC with reactive power ancillagrvice



3. Technical analysisfor minimum required DC-link voltage

The selection of the DC-link voltage level is arpontant issue for the control of GcCs that opeesteeactive
power ancillary service providers. In previous [icdtions, there is a lack of research works the¢stigate on
the specification of the minimum required DC-lingltage level for such applications. This paragrijemtifies
the factors that must be considered for the selectif the DC-link voltage level with detailed artadgl
expressions that determine the minimum requirediBiCvoltage value, denoted,.™". The study is done under
both steady-state and transient conditions andteldd in the following.

3.1. Required minimum DC-link voltage under steady statalitions

The GcC AC side input current vectigr expressed in the complex plane, is the sum ofdwoponents.® and
ic. The first componenti{) is the active current, while the second ond {s the reactive current. The
magnitude the active and reactive componentsi.ofire supposed equal tQ,, and l.m, respectively
(i_c:i_ca+1cr:|0anpos@dq)+jlCrm sin@ay)). Fig.4 shows the phase diagram that charactetire steady state operation
of a GcC with the reactive power ancillary serviNetice that in this figure, the drop voltage asrtise internal
resistor of the inductive filter is neglected.
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Fig.4. Phase diagram for (a) rectifying mode ardlileg compensation (b) inverting mode and leadomgpensation

(c) rectifying mode and lagging compensation (deiting mode and lagging compensation
Two cases are considered in Fig.4. The first cegg4.a and Fig.4.b) is obtained when the loadtreacurrent
lags behind the grid voltage. According to Fig.drad Fig.4.b, the amplitude of the GcC AC side teahi
voltages under steady-state operation is expreasearding to (7) for this first case. As for themed case
(Fig.4.c and Fig.4.d), it is obtained when the gridtage lags behind the load reactive currenteBam Fig.4.c
and Fig.4.d, the amplitude of GcC AC side termir@tages under steady-state operation is expressaatding
to (8) for the second case.

Vo = (Vi Ll o) + (L0 o )

ch = \/(ng_ I“")dqI crm)2 + ( Lw dJ car)2 (8)

We notice that, in thed(q) frame, i is the active current component, whilg is the reactive one and the
modules of the currents; andicq are respectively equilm andlcm. The sign ofcy andicq depends respectively
on the power flow direction .. inverting and rectifying modes) and compensatiqe (.e. leading or lagging
compensation) as explained in the following

- When the GcC operates in rectifier mode. (the active power is drawn from the AC side to Bi@ side),
the sign ofiy is positive.

- When the GcC operates in inverter mote. the active power is drawn from the DC side to Al side),
the sign ofiq is negative.

- When the reactive power ancillary service compessan inductive load.é leading compensation), the
sign ofi is positive.

- When the reactive power ancillary service compessat capacitive load.€. lagging compensation), the
sign oficq is negative.



Thus, equations (7) and (8) can be rearrangedinge equation as follows

Vo = (Vi 10 )+ (10’ ©

min

The minimum required DC-link voltage valdg:."", under steady-state operation, can be deduceddicgdo
the following equation

min 2 2 - )\2 - \2 %
Vdc = M ch = M ((ng+ Lwdql CC) +( Lwd!l C) ) (10

max max

whereMpax is the maximum value of the modulation index.

For GcCs controlled through a Pulse Width Modulat{®WM) process, the modulation index can reach a
maximum valueM,,., equal to 1. This value can be increased to 1ri6ther words/y;"" decreased by about
15%, if the methods of Space Vector Modulationtordtharmonic injected PWM are used [17]. Accordiong
equations (4) and (5), thgqq currents can be expressed as follows

p

icd = (ll)
1.5/,
.. Q
“T 15/, 12)
Substituting equations (11) and (12) in (10), weabb
1
2 La, ) 2lw 2
min _ 2 dg 2 _ dq
ch
The termLagq is generally negligible compared Vg, Therefore, equation (13) is typically equal to
1
min 2 2 4Lwd 2
Ve T {ng_[ 3 qJQJ (14)

=Vem

Equation (14) shows that, under steady state dperahe minimum required DC-link voltage mainlypdads
on the amount of the transferred reactive poer

3.2.Required minimum DC-link voltage under transiemditons

Neglecting the drop voltage across the internabtasof thel filter and substituting foigqg in (1) and (2),
from (11) and (12), we obtain the following expliess

L dP
V, = T/ (_E —wdqu +V,, (15)
5,
_ L (dQ_
“7 18/, (E w"qu (16)

Squaring the left and right sides of equations € (16), adding the resultants and multiplying shquare root
of the result by (Mmay Yield to equation (17). This equation expres$esrhinimum required DC-link voltage
(Vg™ under both, steady-state and transient conditions

2 2
min 2 2 2 2 2 La)dq 2Lwd L dP § sz
AR N VTV T Vg e N Y O - -—— — —
© M SRRV { gm+[1.3/ Riadd 15 & 18, ) [\dt "t

max ——— max gm
Vo
1
LY a0l
2 WP | —=
18/, dt

a7

2
o L) o-2t|eP
15/, ) “F 15|dt




The previous equation shows that t#g™" voltage can be divided into two components: stestdie and
transient components. The steady state componarteadeduced based on the steady state values attive
and reactive power$(andQ), whereas the transient component can be detedrbiaged on the time derivatives
of the active and reactive power®(dP/dt anddQ/dt). Notice that, during steady state operation,attéve and
reactive powersK and Q) are constants. Thus, their time derivatives ajeakto zero and equation (17)
becomes equal to equation (13), which complies thi¢hsteady state analysd. (paragraph 3.1).

For transient conditions, equation (17) can be Bfiag to equation (18). This simplification is e on the
assumptions that<<Vym, Log<<Vgm andL?wi,<<NVgn'-

i 2 4L, 4L\ dP
len:_ V2 - _q | =12
o Mmax\/ om [ 3 ]Q (SJdt (18)

=Vem

Compared to equation (16) related to steady-stateditons, equation (18) shows that under dynamic
conditions:

- The minimum required DC-link voltagédcmf” is not affected by transient changes of the reagiowerQ.
- The minimum required DC-link voltagé;."" increases when the active povfedecreases.
- The minimum required DC-link voltagé;,.™" decreases when the active poRéncreases.

Depending on the value &f and the rise time of the active power, the destatfV, ™" from its initial value
during steady-state conditions to its new valuendutransient conditions can be significant.

Here, it shall be noticed that the DC-link voltagderenceVy. should be slightly higher than the minimum
required DC-link voltag®/y.™" to reduce the switching losses and THD of AC aigheit currents.

3.3. Simulation results

For simulations test, let consider the followingeatudy. The considered system parameters focdbkis study
are depicted on Tab.1.

TABLE |
SIMULATION PARAMETERS
Symbol Description value unit
L Inductor 10 mH
C DC bus capacitor 1100 uF
Ve DC-link voltage reference value 150 \Y
Vgm Grid voltage peak magnitude 166/ \%
Wdq Grid voltage natural frequency n20 rad/s
I max Maximum value of the input current 1.25 A
Kpde Pl proportional gain 0.093 -
Kide Pl integral gain 2.3 -
Fsw Switching frequency 6 kHz

The simulation test scenario related to the comsiflease study is elaborated for a grid conne@eiifier with
the following steps. The active and reactive powErand Q) are initially equal to zero. Then, &0.2s, the
active powelP changes rapidly from 0 to 187.5W after a suddedléesistive load connection to the DC-link.
After that, att=0.5s, a step jump from 0 to -2.5A is applied t@igh‘f reference current for leading compensation
of an amounf=216.5 VAR of the reactive power. £0.8s, the reactive power is again imposed equatto

by putting the referencécq* back to zero. At=1.1s, the reactive poweD is rapidly decreased from 0 to
-216.5VAR by setting'cq* to +2.5A for a lagging compensation. At t=1.4% thactive power is again imposed
equal to zero by putting the referengaé back to zero. Finally, @at1.7s, the active powé? is rapidly decreased
from 187.5W to OW by sudden disconnection of thesteve load from the DC-link. Fig.5 shows the s
simulation results and in Fig.5.a are presentedatageforms of the active and reactive powers rdlatethe
considered test scenario. Fig.5.b shows the wawvefdrthe DC-link voltage/y., which is equal to its reference
Vg4 during steady state operation. Fluctuations ofuald®%/,. are observed on the DC-link voltage after
perturbations caused by sudden connection/disctionecf the resistive load. Conversely, no flucioas are
observed after fast changes of the reactive powasferred by the G¢C. This is mainly due to thet fat both

of active power and DC-link voltage are controlibdough theiq current component, whereas the reactive
power is controlled through thig, current component. Fig.5.c shows the amount ofihemum required DC-
link voltage Vg.™", which is deduced by multiplying the amplitude ®@EC AC side terminal voltageé., by
1.15. As predicted by equation (18), fast changeshe active powerP is followed by overshoots and
undershoots of they ™" value. After thatVy™" reverts to its initial pre-disturbance value. As the reactive



power, its transient state does not lead to ovettshar undershoots on thg.™" response, but it shifts thé,™"
steady state value to a lower (respectively higloeg when a leading (respectively lagging) comp@msas
achieved. These results are in accordance witlikeined analytical results of equations (14) &i@).(It shall

be noticed here that, even if it is not true foe ttonsidered case study, very laMg™ overshoots and
undershoots can be observed when the dynamic bfeapbwer change increases. To limit overshoots and
undershoots o¥/y™" during active power transients, the referenceemiit, must be generated gradually. In
return, this will affect the control performancespecially for the cases that require fast actwmegy control.

On the other hand, as shown in Fig.3, ihe is often generated by the DC-link voltage confomp. The
dynamic of this control loop is generally very sloempared to that of the internal current contoalp [15].
Thus, in practice, the outer DC-link voltage cohtamp cannot apply step changes fgr and active power
dynamic will be limited. Also, when no fast contidlactive power is required, a rate limiter carableed at the
DC-link voltage controller output signal to avoidst changes of the active power and therefore feigntly
reduces the overshoots and undershootggt". For the considered case study, the proper operati the
system is ensured since, as shown in Fig.5.b ap&.EjVy ™" is always lower than the instantaneous value of
the DC-link voltageVy.. Notice that a maximum modulation indbk,,, equal to 1.15 is used for the obtained
simulation results. Fig.5.d, Fig.5.e and Fig.8ustrate the waveforms of the phasgrid current and voltage. It
can be noted that no phase delay is perceived batged current and voltage when the reactive pasvequal

to zero. However, when the GcC operates as a vegutiwer provider, the magnitude of the phaseirrentic,
increases and a positive (respectively negativegsehdelay is obtained for leading (respectivelygitag)
reactive power compensation.
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4. Experimental set-up

The experimental tests are done using a three-pgheSethat operates as a rectifier. The developpéraxental
set-up is depicted on Fig.6 and is composed ofetlpearts. The first one is a power part that cossi§tan
autotransformer, a power converter, three indudiliters (L,R), a DC-link capacito€ and a 120 resistive load
R.. The second part is a control part, which is basedhe Spartan 6XC6SLX16 FPGA digital solutionnfro
Xilinx. This digital solution has a logic cell cdpbity of 2278 Slices (each slice contain four LU3@sd eight
flip-flops) and is driven through a 100 MHz systetack frequency. Finally, the third part is an ifiéee part
that includes the voltages and currents measurebuntl, analog-to-digital (A/D) and digital-to-aogl(D/A)



conversion boards in addition to an interface bahed amplifies the power converter switching slgr(&gap,c)
computed by the FPGA from a TTL level to a CMOSelerequired by the power switches drivers. The

experimental tests are done using the same systeampters of Tab.1.

Autotransformer Power converter Power part

@7““@' - JG o1 5 =

Vg(a,b,c) ic(a,b,c) Saﬂb‘c)

1y CMOS
Current & voltage A Interface part
measurement TTL Power/Control

Scopt

Ls{ GcC control with reactive powe
ancillary service

i —> FPGA Spartan6 XCSL X16
= Control part

Host PC

Fig.6. Experimental setup

Fig.7 shows the obtained experimental results aftedden 12Q resistive loadR ) connection/disconnection in
the DC side. In this case, the response of thed@ turrent can be approximated to step changes from 0 to
1.25A (Fig.7.a) and from 1.25A to OA (Fig.7.b). Tétep jump of the DC load curreinfrom 0 to 1.25A results

in an undershoot, approximately equal to -15V,hef DC-link voltage. After the resistive load contiat, the
magnitude of GcC AC side input currents increasas fOA to 2.16A. On the contrary, the step jumphaf DC
load current from 1.25A to OA results in an overshoot, apprcdiely equal to +15V, of the DC-link voltage.
After the resistive load disconnection, the magiétof the GcC AC side input currents returns etpakro.
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Fig.7. Experimental results of the DC-link voltagg (50V/div) and grid currerit, (3.3A/div) and DC load current (1A/div) (a) sudd@n
connection (b) suddeR_ disconnection

Fig.8 shows the obtained experimental results ategp jumps equals to £2.5A applied for the refeeecurrent
icq - Fig.8 illustrates that, depending on the sigthef reference curreiy, , leading and lagging reactive power
compensation are achieved. We notice here thaten@tibns are observed on the DC-link voltage afféest
changes of the reactive pow@r Fig.8 shows also that, just before the reactivegy injection, GcC AC side
input currentic; was purely active since there is no phase delaydsstic, andVy. Then, after reactive power
injection, a reactive current component is addedhs GcC AC side input current,. Consequently, its
magnitude increases to 3.3A and a phase shiftisdaced between the grid voltayg, and the GcC AC side

input current,.
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Fig.8. Experimental results ®f (50V/div), Vga (75V/diV), ica (3.3A/div) andQ (a) step jump ok, from OA to -2.5A (b) step jump af;
from OA to 2.5A



5. Conclusion

This paper investigated the benefits of introdudimg extra functionality of reactive power provisiby three-
phase GcC to compensate reactive power consuméacalyloads. To ensure proper operation of GecCé wit
reactive power ancillary service, a detailed analysgarding the determination of the minimum regdiDC-
link voltage level was achieved. This analyse wasedfor both steady and transient conditions amdbédh
leading and lagging compensation cases. The oltairethematical equations show that, during stedate s
condition, the minimum required DC-link voltage é&tvs primarily dependent on the amount of reactivever.
Compared to steady-state conditions, equationsrautefor transient conditions reveal that, in aidditto the
amount of reactive power, the minimum required D&-holtage depends also on time derivative ofdahtve
powerP (in others words on the rise time of the activev@oP). Several simulation and experimental results are
presented in order to show the validity of the dewed theoretical analysis.
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