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Control and modulation methods of voltage source converter
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Abstract. Control and modulation methods of Voltage Source ConvégK8C) have been presented in the paper. Model of VSC withethre
value transistor branch state function is introduced taidles operation of VSC. Predictive-corrective control hwet of VSC system is
presented. Two variants of Space Vector PWM methods for Vi@ are developed. Algorithm of cancelation of negativeience

of dead time on the AC voltages is implemented in the propesedulation methods. Correctness of introduced method lidatad by
simulation and experiment investigations.
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angular frequency of the mains,

control and modulation period,

input choke resistance,

input choke inductance,

load resistance,

output resistance of inactive converter transistor-giditanch (both transistor switched o and branch current@aif zero),
RMS value of phase voltage,

AC converter voltages referenced to the mid point of thepatitvoltage,
AC converter voltages referenced to the neutral point @f thains,

voltage between mid point of output voltage and neutralnpaif the mains,
zero component of the mains voltage,

output resistance of converter transistor branch,

phase currents,

state functions of transistor branch,

state functions of high side transistor of converter branc

state functions of low side transistor of converter branch

currents delivered to positive output rail,

currents delivered to negative output rail,

output DC voltage of the converter system,

input current of DC circuit,

output current of DC circuit,

current of DC circuit capacitor,

conversion matrix from 3 to 2 phase stationary refereneente,

AC voltage space vector,

AC voltage space vector in synchronously rotated refeegeiname,

voltage space vector of the mains in synchronously rotaederence frame,
current space vector in synchronously rotated referenamé,

shift vector,

current component of shift vector,

voltage component of shift vector,

vector signals of feedback path for predictive controlaithm,

voltage space vector of the mains calculated on the basieezsurements,
current space vector calculated on the basis of measursmen

regulation error of current space vector,

converter AC voltage space vector calculated in the previstep,

current space vector predicted on the basis of measurentérdurrent step and converter AC voltage calculated
in the previous step,
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T(i+1) dg { regulation error of predicted current space vector,
Yy Y+ dq { voltage space vector of the mains predicted for the next,ste
L ref { reference current space vector,
Vs(i+1) dg { voltage space vector calculated for the next step,
Tq { dead time,
Sectl { current sector number,
SectV { voltage sector number.
1. Introduction Voltage of one converter branch is described by (1) while its
Two level Voltage Source Converter is a standard applinatinternal resistance by (2):
. .o . . _ . - . Udc .
widely used in m_dustry_as a recu er, inverter an_d compen Usin =[S+ (L | Sij)sign (ii)] = 1)
sator system. This application is chosen as basic by leading 2
world electrical companies for its e ciency and simplicity rsi =(1 j Sij)(1 j sign(ii)j) Rp: %)

Although it is regarded as a well known and established sys-
tem, there are still some aspects worth analysing. Concmgé
rently to multilevel converter systems development thenhig

precision control and modulation systems of two level vsC

are still considered [1{8]. It is due to its simplicity andgihi . S+1. . . ..sign(ij)+1
e cienc 1] plicity ancgh i = =5—Sii+@ ] Sil)& ii;
V. 2 2

1.1. Model of voltage source converterThe connection dia- in = Si_ljsij +(1 j Sij) sign(ii) 1 i (@)
gram of VSC system is illustrated in Fig. 1. A transistordio 2 2

matrix of VSC is modelled by cross-coupled, controlled voltwherei 2 f a; b; @ and transistor branch state function is de-
age and current sources [8]. The equivalent connection digred by (5).

The current that is delivered to the positive output rail is
scribed by (3).While the current is delivered to the negat
utput rail is described by (4):

gram is presented in Fig. 2. 8
. . 2 §=1, Sip:]-;sinzo
e Si2f 1,0,1g; | Si=0, sp=0;sn =0 (5

Sa sb Sq ic ’ S = 1 Sip = O, Sipn =1
Usa D@I_LDs ¥ I_LDs F I_L ’ 2C I 1 i "
m Unn = Uso = 3 Usin ; (6)

> Hoa Usi = Usin  Uso: (7)

When regarding AC voltages referenced do the neutral point
of the mains the Egs. (6) and (7) are valid. Finally, DC side
current of transistor-diode matrix may be calculated fr&n (

. X : X . X S+1._ . .
idcin = ipi = ini = TJSiJ i+
i2f a;b;cg i2f a;b;cg i2f a;b;cg
S X ign(i;) +1
T e i + @ j s Sighl)* = (i) lj:
tuy /2 . 2
! ie i2f a;b;cg
u 1: 2C (8)
/—L\R\ Us, \\, 'ﬁ The AC voltage of the converter represented in voltage space
- vector form is described by (9).
“‘“um, ”R;V ! —— 2 3 2 3
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Fig. 2. Three phase voltage source converter equivalectitir Uy 2 (1 j Saj) sign(ia)
. _ +--°C 1 j Syj) sign(i
Three value transistor branch state function (5) and three 2 M ( J bj,) S!gn(fb)
level current sign function are used in the model of converte (1 Sci) sign(ic)
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2. Control methods For real systems with time quantization, the existenceroéti
Control system of VSC is realized by DSP and FPGA systemg?:‘lay between measurement and control sequence generation

For this nature it is typical discreet time system and one col? ) N
trol period delay is characteristic for it. For this reaste t and control algorithm execution time.

problem of delay e ect compensation is important for good
converter controllability. To solve this problem, predret
corrective control method is proposed. Model of converte
system described in rotating reference frame (10) (Figs3) i
useful for the purpose of control algorithm synthesis.
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characteristic. It is due to analogy to digital convendime

dly .
Ld—tq + Rlgq + 'Ll _gq * Vsaq = Vaq:  (10)

This type of reference frame is useful for controlling of

converter systems because of natural decoupling of céedrol
current components. Active and reactive current are cthetro
independently and in the case of sinusoidal time plots hayv

value of constant in dq reference frame. A block diagram o
control algorithm is illustrated in Fig. 4. Figure 5 presetite
structure of the voltage space vector modulator system.
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Fig. 5. Modulation system

2.1. Non-predictive control algorithm. In the case of non- of voltage space vectors. This generally simpli es conabl
predictive control algorithm, converter AC voltage for thext  gorithm synthesis.

control step is calculated on the basis of current measure- The predictive-corrective control algorithm consistsvedt
ments. There is one control period delay between the measuseeps:

ments and applying of control sequence to converter swstche

The voltage space vector for the next control step is caedla - Prediction of current that is generated by current veltag
according to (11). space vector that was calculated during previous control

eriod
| Liya penos
Vs dg = Yiyag ('L + R) Liyaq L%; (11 2. calcula.tlon of the value of the vo_Itage space vector that
theoretically cancels current error in the next contropste
Liydg = Lagrer  Liiydg: (12) The predicted value of a converter current is described by

For this reason the control sequence lags to voltages and c&fl- (13).
rents of the mains. This situation leads to distortion of the

converter phase currents. Ti+1) dg = Liiyag + T Viydg Vseyag T 13)
2.2. Predictive-corrective control algorithm. To avoid cur- % ('L + R) LiygqT:
rent distortions caused by control delay prediction of oalnt
signals for the next control period is required. Figure Gsil Converter voltage is counted on the basis on predicted
trates the principle of operation of predictive controlaithm Vvalue of converter current and mains voltage according to
in schematic way. Eq. (14).

The time delay between sampling of currents and voltages Ve _— GIL +R)T,
and generating of new control sequence depending on these ~S(+Dda~ i+ndg (" ~(i+1) dg
measurements is equal to the control period. For this reason (14)

I T
. . 2dq ref 2(i+1) dg ,
the control algorithm takes into account only average \&lue Lw-
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Fig. 6. Principle of operation of predictive-correctiventml method

Mains voltage generally has stable value. It means thahis path provides a voltage space vector clipped to e ectiv
mains voltage is near sinusoidal and has near constant-amptiodulation area to a predictive controller module.
tude. Then it is a near constant vector in the synchronously
rotated reference frame. This assumption is valid espgciaB. Modulation methods

when considering value of mains voltage in two consecutive eyistence of a dead time in the modulation sequence caus-
steps. For this reason Egs. (15), (16) may be assumed. TheN ¢ an e ective voltage space vector modulation area is

Eq. (14) takes form (17). restricted (Fig. 8). Regions outside the sector outlineimre

2(i+1) = M(i) dm (15) accessible [8]. The e ective modulation areas may be con-
verted into one coherent area corresponding to the opera-
Vet dg = Viiyda: (16) tion of the converter outside dead time periods [8] (Fig.. 10)

This converted area is obtained by shifting restricted aper
tion regions by voltage space vector shift vectors. The-over

Veriin g = Voo iIL +R)T .
Vs(isn aa = Yiiyaa ) Ti+) do all shift vector (19) has two component vectors, one de-

Ti+1) daq . (17)  pendent on current sector (20), (22) and second on voltage
L—F— one (21), (23) [8] (Fig. 9).
Ti+1) dg = Lagret  Tii+a) dg- (18) Va= Vo * Yov; (19)
Equation (13) together with (17) are the basis for control N 2Ty gSectl 5. 20
algorithm synthesis. The converter voltage (17) is categla Vas =< gl : (20)
in the manner that predicted current regulation error (tt&#;
oretically, should be cancelled after next control step.ré-p Vaya = 2p EEudcei (Seatv + 3) 5. 1)
diction of current for the next step is based on the voltage T
space vector from previous step (13). For this reason a value r 3T
of the common AC side voltage space vector, really applied wa=2 = dygeset 5 (22)
to converter system, must be stored for the next control step T 3T
This function is realized by signal feedback path that is il- P_Ty _
lustrated in control (Fig. 4) and modulation (Fig. 5) scheme Vav 4 = 6?Udce|sedv 3! (23)
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a) SVPWM3 b) SVPWM4

Fig. 7. Voltage space vector sequencing

b) SVPWM4

SectI=0

C
Fig. 8. Voltage space vector pulse width modulation areaciwrent sector 0

b) SVPWM4

SectV=0

s etV ‘x§ecﬂ\:0

" Sectl=0",

Fig. 9. Voltage space vector pulse width modulation areargsmdings of coordinate origin) for current sector 0
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a) SVPWM3 b) SVPWM4

Fig. 10. Voltage space vector modulation area transfoonati

a) SVPWM3 b) SVPWM4
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Fig. 12. Voltage space vector pulse width modulation timebf converter voltages and branch state functions
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Figures 7a and 7b present basic voltage space vectbe e ective modulation area the clipping algorithm must be
sequencing for SVPWM3 and SVPWM4 modulation methperformed. The principle of clipping operation for both mod
ods [8]. ulation method are illustrated in Fig. 11. There are regions

Due to implemented sequence the e ective areas of vol{denoted by bow arrows) where voltage space is clipped to ver
age space vector modulation for zero current sector arg illutex vector and regions (marked by line arrows) where voltage
trated in Fig 8. In the case of SVPWM3 method the areaspace vector is clipped to its projection on the modulation
related to di erent voltage sectors are incoherent. Theee aarea edge. It guaranties that voltage space vector di &enc
gaps between them even for small values of dead time. Fbetween the commanded vector and its real realisation is the
method SVPWMA4 this situation may occur only in the casesmallest as possible.
of an extremely large dead time value. In typical contral-sit
ations e ective modulation areas oyerlap with each othet ang  Test conditions
create a coherent area of modulation.

In the proposed modulation method a rst current sectopimulation and experimental investigation were made fer th
number is calculated. On the basis of the current sector nufext conditionsL = 10 mH, R 01 , C = 1100 F ,
ber the end of the commanded voltage space vector is shiftBd =350 ,f =50 Hz(! =314:15rad/s),Urus =816V,
by vectorVy (20), (22). Then voltage sector is calculatedT HD (u) = 0% (for simulation only), THD (u) = 3% (for
The end of commanded voltage space vector is shifted by tRénulation and experiment)l = 100 s, Tg = 2 s. In
vector Vav (21), (23). The resulting voltage space vector isimulation, it was assumed that converter parameters and pa
rotated by an angle of SectV =3 to the zero current sector. ”ameters of controller model have values of equal to each
This rotation is made in order to simplify the vector projecother.
tion and calculation of times of the basic voltage spaceorect
switch on. Then the voltage space vector is constrainedeto th. Simulations

e ective modulation area (Fig. 11).
(Fig. 11) Figures 13 and 14 present simulation results for SVP-

Vsp = Vspar *+ Vai; (24)  WM3 (Fig. 13) and SPWM4 (Fig. 14) modulation methods
in the case ofTHD (u) = 0% and non-predictive control
Vspdl = Vspaiv + Vav ! (25) method.

In the case of the predictive-corrective control algorithm Figures 15 and 16 present simulation results for SVP-
the constrained voltage space vector is reversibly coesertWM3 (Fig. 15) and SPWM4 (Fig. 16) modulation methods

and used in the next control step (signal feedback path if the case off HD (u) = 0 % and predictive control method.
Fig. 4 and Fig. 5), (24), (25). Figures 17 and 18 present simulation results for SVP-

WM3 (Fig. 17) and SPWM4 (Fig. 18) modulation methods
3.1. Constrains of voltage space vector modulation area. in the case ofTHD (u) = 3% and non-predictive control
In situation when voltage space vector end is located caitsidhethod.
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Fig. 13. Simulation of VSC controlled by non-predictive tmh method and SVPWM3 modulation method
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Fig. 14. Simulation of VSC controlled by non-predictive tmh method and SVPWM4 modulation method

LI I e e |

i
K

A ,

\ /

iy

=
N

T |

/
WAY

/
N JE

TR R R A AR

PN T YT T N S Y S

20m 30m

t[s] -4 -2 o
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Fig. 17. Simulation of VSC controlled by non-predictive tmh method and SVPWM3 modulation method
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Fig. 18. Simulation of VSC controlled by non-predictive tmh method and SVPWM4 modulation method
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Fig. 19. Simulation of VSC controlled by predictive contrakthod and SVPWM3 modulation method
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Fig. 20. Simulation of VSC controlled by predictive contrakthod and SVPWM4 modulation method

Figures 19 and 20 present simulation results for SVP
WM3 (Fig. 19) and SPWM4 (Fig. 20) modulation meth-
ods in the case of HD (u) = 3% and predictive control
method.

From the analysis of simulation results it can be seen thar g
in both cases of SYWM3 and SVPWM4 method there are cur
rent distortions at the voltage sectors boundary. But cdirre
distortions have di erent sources. In the case of SVPWM3E
method they are caused by impossibility of the voltage spac
vector realisation due to gaps of e ective voltage space vec
tor area. In the case of SVPWM4 method they are concerne
with a change of direction of basic voltage space vectors se
guencing in modulation sequence.

Fig. 22. Power converter part

6. Experimental investigations Both control methods (non-predictive and predictive) in

: cqnjunction with both modulation method (SVYWM3 and SVP-
The laboratory setup was constructed to validate propos M4) were realised. Figures 23 and 24 present selected time
control and modulation algorithm. The view of Iaboratoryplots of control and modulation system for SVPWM3 modu-
setup is illustrated in Fig. 21 and Fig. 22. lation method

2.00v/ 2.00v/ 2.00V/ @ 500V/ « 00s 50008/ Stop 1 1.40V

I —rrmmllmunmnmnnumnnnﬂm—'—nmm
rnlypﬁjmed Menu WWM\% Samp\e Rate MWWM’!MM

W ET Delayed Roll XY Vernier « Time Ref
v Left

Fig. 21. Experimental setup of VSC Fig. 23. Control and modulation signals { SVPWM3
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Fig. 24. Control and modulation signals { SVPWM3 Fig. 27. Phase current and voltage in the case of controkitigo
switched o
Respective time plots for SYPWM4 modulation method
are illustrated in Fig. 25 and 26.

Fig. 28. Current spectrum (10dBV/div 100Hz/div) in the caxsfe
control algorithm switched o

All transistors are switched o, only a diode recti er func-
tions. These plots are published as a base for comparison of
power quality improvement. The work of VSC system with
near unity power factor for non-predictive control moderis-p
sented in Fig. 29. Figure 30 illustrates current spectrump-S
ply AC voltage was distorted and had THD value about of 3%.

Fig. 25. Control and modulation signals { SVPWM4

Fig. 26. Control and modulation signals { SVPWM4
Phase current and its spectrum acquired in the case of

the control algorithm switched o are illustrated in Fig. 27 Fig. 29. Phase current and voltage { non-predictive cont&MP-
and 28. WM3, near unity power factor
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To obtain less distorted current the prediction-correctio
control algorithm was implemented. Figures 33 and 34 illus-
trate phase current and voltage time plots and current spec-
trum measured in VSC system working with near unity power
factor.

Fig. 30. Current spectrum (10 dBV/div 100 Hz/div) { non-piettie
control, SVPWMS3, near unity power factor

Also a work of the VSC system with additional capacitive
reactive power was examined (Fig. 31 and 32).

Fig. 33. Phase current and voltage - predictive control, \BA3,
near unity power factor

Fig. 31. Phase current and voltage { non-predictive cont8MP-
WM3, capacitive power factor

Fig. 34. Current spectrum (10 dBV/div 100 Hz/div) - predieticon-
trol, SVPWM3, near unity power factor

In the case of predictive control method phase current is
less distorted than in the case of non-predictive contrdd- D
tance between fundamental current harmonic and the largest
higher harmonic is about of 31 dB in the case of non-
predictive control and about 33 dB in the case of predictive
control for system works with near unity power factor. Time
plots of phase current and voltage acquired for work of VSC
with additional capacitive power for predictive control tined
are illustrated in Fig. 35. Figure 36 presents transitianmr
Fig. 32. Current spectrum (10 dBV/div 100 Hz/div) { non-pietive ~ Work with additional inductive power to work with capaciiv
control, SVPWM3, capacitive power factor one.
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method for VSC is developed. New modi ed voltage space
vector modulation methods that base on the introduced VSC
model are proposed [8]. Correctness of the proposed methods
is proven by simulations and experimental investigati&is.-
ulation give similar results for non-predictive and preidie
control method in the same and other conditions. A repre-
sentative set of experimental time plots illustrating camtv

er work in dierent modes and acquired current spectrums
are published. From the experimental results the predictiv
method seems to be better than the non-predictive due to less
level of high harmonic distortion. For the work of converter
system with near unity power factor the high total power fac-
tor value of TPF  0:995and low total harmonic distortion
value of THD (i) 3% for mains harmonic distortion value

. o of THD (u) 3% was obtained.
Fig. 35. Phase current and voltage { predictive control, B3,

capacitive power factor
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