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Summary: Thispaper dealswith aquadr atur e-booster phaseshifter for power flow control and
for trandient stability improvement in AC transmission systems. ThePWM AC bipolar matrix
chopper (MC) isproposed for thecontrol of thequdratur evoltage component of theoriginal
voltage. There are presented in this paper both steady and transient state analyses of a
transmission syssem with passiveload based on aver aged cir cuit models. Furthermore, smulation
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and experimental test resultsobtained in athree-phase 3k VA laboratory mode arealso presented.

1. INTRODUCTION

The phase control of AC line voltage is one of the well-
known methods of power flow control and for transient
stability in flexible AC transmission systems (FACTS) [3]. A
phase shifter injects a variable voltage with adequate
magnitude and phase to shift the phase angle of transmission
line phase voltage as shown in Figure 1 [3-6].
Electromechanical or silicon controlled rectifier (SCR) tap-
changing transformers are commonly used in conventional
realisations of quadrature-booster phase shifters [3, 4].
Regular maintenance of electromechanical tap changers is
needed and, furthermore, both electromechanical and SCR
ones have relatively slow step response. Generally, solutions
of phase shifters with or without the energy storage element
are proposed. Phase shifters employing one series connected
PWM VSI or two parallel and series connected PWM VSl are
proposed in [12]. Because of unlimited phase shifting
possibilities (fig. 1b) these topologies can also regulate
reactive power in the transmission system. Two types of
quadrature phase shifters without energy storage elements
(Fig. 1¢), employing PWM AC chopper, are presented in [2,
6,9, 10, 13]. The first type of topology with unipolar PWM
AC matrix chopper (MC) has the functional capacity only of
injecting unipolar quadrature voltage. The second type with
hybrid topology (transformer and MC) has the capacity to
inject bipolar quadrature voltage but transformer with two
secondary winding and two single-phase MC per phase are
used [13]. Furthermore, in the mentioned works only some
attention has been dedicated to transient state analysis of
the phase shifters.

This paper presents a three-phase quadrature-booster
phase shifter with PWM AC bipolar MC, which enables
bipolar quadrature voltage injection into the transmission
system. The main purpose of this paper is to present averaged
circuit models of such phase shifters, which can be used in
steady and transient state analysis. This paper is organized
as follows: in section 2, the presented phase shifter with
switched model of bipolar MC is described; the averaged
circuit models both for steady state and for transient state
analyses (small signal model) are presented in section 3; in

section 4 some simulation and experimental test results are
presented; finally, in section 5, conclusions are provided.

2. DESCRIPTION OF ANALYSED PHASE SHIFTER

The schematic diagram of the proposed three-phase
quadrature-booster phase shifter is shown in Figure 2. Input
transformers TR |, TR, and TR, are connected to the line-
line supply voltages ug,.p, tg,e, Usp, I sSuch manner as to
obtain orthogonal compensating voltages v, Ucp, Uc, s
shown in Figure 2. Phase MC are used to control the
compensating voltages in respective phases. These voltages
are fed into the transmission system by a series of connected
output transformers TR,,, TRy, and TR,,.. Total leakage
inductances of the input and the output transformers with
capacitors Criy Crip, Crie and Cryy, Crop, Crp, are
elements of phase MC input and output filters.

Each phase bipolar MC consists of four bi-directional
switches (transistors T| — Tg). The idealised voltage transfer
function as a function of pulse duty factor D =¢,/T¢(Table 1)
is given by [2]:

U,
U—l=2D—l (1)

The MC substitute schemes, which can be used for detailed
description of one operation, are collected in Tab. 1 [2], [1]. In
these schemes the wires which conduct the current are shown

U,
a) —C b) u
Us u, _
Auxiliary
Input transformer
transformer

Converter

Us
c) Y
A Ye
Ug

Fig. 1. Phase shifter, a) schematic diagram, b), c¢) phasors of the phase
shifters with and without energy storage element
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Fig. 2. The quadrature-booster phase shifter with PWM bipolar matrix chopper, a) schematic diagram, b), c) voltage phasors for pulse duty factor

D > 0.5 and D < 0.5 respectively
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Fig. 3. Exemplary voltage and current time waveforms of the presented
MC, a) for supply voltage period T, b) for switching period T'g

by a solid line, whereas the wires which do not conduct the
current are shown by a thin solid line. Bypass mode circuits
for “dead time” ¢, are shown by a dashed line. In the
presented solution of the MC a control strategy proposed in
[8] is implemented. Exemplary voltage and current time
waveforms, both for supply voltage period 7'and for switching
period T, which depict the operation of the presented MC,
are shown in Figure 3. As is visible (Fig.3) the supplying
source current i, ; has no overcurrents, and load voltage u;,
has no overvoltages. It should be noted that in applied control
strategy the snubbed capacitors Cg; and Cg, are used as
overvoltage elements [1, 8].

3. THEORETICAL ANALYSIS

3.1. Steady state modelling

Shown in Figure 4 is a single-phase switched model of the
considered phase shifter in a symmetrical transmission system
with passive load. In this circuit a MC with ideal bipolar
switches is used, where inductors Ly and Ly, are the total
leakage inductances of the input and output transformers
TR and TR, respectively. An ideal model of the transformers
TR; and TR, is employed.

Using the average state space method with running
switching periods [2, 7], the averaged state space equation
(mathematical averaged model) is expressed as:

x=A(D)x+B(D) u

U, =C(D)x+D(D) u

a
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Table 1. Substitute schemes of the bipolar MC

where:

- - - - - T
X = [ila Ula i3a Ug, } — vector of the
averaged state

variables;

— vector of the
supply voltages;

averaged state,
input, output state
and input-output
matrixes, which
are described as:

u= [uSa Usgp ]T

A(D), B(D), C(D),D(D) —

_ L -
0 - 0 0
Les
1 _(2p-1)
A(D)= Cry (-1 P2Cr1
- 1
0 0 -—— | 3
PoLe2 Lea ®)
1 1
0 0 - -
L Crz R.Cr,
- 1
0
Pilry
B(D)=B= 0 0 4
=8= 5 0 “)
1
| R Cr2
Cc(D)=C=[0 0 0 -1]
5
p(p)=D=0 7
where:
P1, P2 — voltage transformation ratios of

the TR; and TR, transformers.
On the basis of equations (2) — (4) and using an
ideal transformer model a single-phase steady-
state averaged circuit model can be easily
constructed. Such a model for the analysed
phase shifter is shown in Figure 5.

In respect to Figure 5, in Figure 6 the
substitute schemes for each supply source
operated separately are shown.

Referring to Figure 6, allowing for
expressions (6, 7) and applying principle of
superposition (8, 9) basic steady state
properties are described by equations (10—12).

Ugp=Ug-Ug = (a_az)L_JSa =

(6)
= j\3Ug,

u; = 0 u < 0
is 1
T, T, ! T, T, f
! ! T, T
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Fig. 4. Single-phase switched model of analysed quadrature-booster
phase shifter

Fig. 5. Single-phase steady-state averaged circuit model of analysed
phase shifter
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. 1

Fig. 6. Substitute schemes for a) Ug., = 0, b) Ug, = 0
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lap =lgp (LJSa)‘QSCb:o +1gy (L_J&b)‘gsa:o ©)

U Z -l
Hy=g2="g_" (10)
Ysa Y=
lia
Hy = (i
LB
Ug
hs = 008(p) = cos| arg) = (12)
where:
2
% 1,.43 4 ,
a=e 3 =—§+J§, a’=¢ 3 =—%—J§’ﬂU’[j’_

— voltage and current transmittance;

Ag — power factor (displacement factor).

Furthermore, the following dependencies should be noted in
the calculation of the above expressions:

Ug 0
=A'
LLa(LJSa)‘U 0| IScb(QSa)‘U =0 (13)
Uss 1Yia(Usw)|ua-
=A (14)

s (Ll&b)‘usazo B lia (Qs:b ‘sto

where:
four-terminal matrixes (Fig. 6) are expressed by (15) and (16),

whereas a detailed description of the component chain
parameters is collected in the appendix in Table A1.

1
A':
wes

A" = A Ap1AucAro AR,

Z, 1
1 (ArrAr AncArroArs) (15)

(16)

Exemplary steady state calculation test results of the
voltage transmittance and displacement factor of the
presented phase shifter, for purposes of comparison, are
collected together with simulation and experimental results
and are shown in Figures 9 and 10.

3.2. Smallsignal model

Assuming that all variables have two components: a
running constant component (the averaged value in the
switching period T), which is marked by upper case letter,
and a perturbation one marked by lower case letter, which is
covered by sign “*”:

u=U+0,x=X+%Xu,=U_+0, and d=D+d (17)
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On the basis of the averaged state space method the small
signal state space equations are expressed as follow [11]:

%(X +X) = Ax+BU+[(A;-A,)X+(B,~B,)U]d
(13)

U, +0,=Cx+Du

where:

A1(D)=A(D)-A, (D)

B,(D)=B(D)~B, (D)

With reference to (18) complete steady state and small signal

description is expressed by (19-23).
For iy,

%(Ila +iA1a) = _%(Ula +ﬁm)+ﬁ(ugb thjScb)(19)

F1
for uy
(20)
) . .. 2(D+d)-1,
dt(Ula+u1a)=?(lla+lla) P,.Cr1 (|3a+|3a)=
1 =\ 2D-1 - 2d \2d =
=—(ly+in )35 +i34 )— I3, — i
CFl(la 1a) pZCFl(Sa Sa) pZCFl 3a P, 13a
nonlinearterm
for iz,
1)

nonlinearterm

%(UCa+GCa):é<|3a+?3a)_

1 - 1 - 22)
—E(UCa + uCa)“'m(USa +0g, )
and for u;, (output equation):

A complete single-phase steady state and small signal
averaged circuit model (canonical averaged model)
constructed from equations (18-23) is shown in Figure 7.

According to equations (18-22) and with reference to
Figure 7 additional voltage and current controlled sources
e d)(24) and j(d) (25) should be allowed during small
signal analysis.

e,(d)=22

P, (25)

According to (18) a Laplace transform of a small signal
state space averaged model is expressed as:

sX(s) = AX(5)+B(s)+[ (A, —A,) X+ (B, ~B,)U]d(s)

U, (s)=Cx(s)+Du(s) @)
solutions of these equations in complex form:
%(s)=(sl —A) " {BU(s)+[(A1~A;)X +(B,~B,)U d(s)} =
- @7

Gy (S)U(5)+ G4 4 (s)d(s)

i, = L+ s, .= Ua
e T T
-O ; (ge= Ig) g~ I)

Sac ™ Ysba — A Sae

W,= Ula+ thy T

141-) \ih: Lt by,

— 1l __r
Upg UL« +u La !

Fig. 7. Complete single-phase steady state and small signal averaged
circuit model of analysed quadrature phase shifter
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Fig. 8. Exemplary simulation and experimental voltage and current
time waveforms for a) D = 0.1, b) D =0.5,b) D = 0.9
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Table 2. Small signal transfer functions of analysed quadrature phase shifter.

(s)
G..(s)= =
e
[ c.PP+C ]
_ 1 1 I 1 2 F1 F2 s+ 1 -
R LeiLe,CriCepP Piley PR Le Cry PLeiLe,CriCr,P p,R LgiLe,CriCr,P
1 s 1 s% 1 1
RL LFZCFICFZP plLFICFl leL LFICFICFZ plLFlLFZCFICFZ
1 2 1 1 1
- s’ - s+
RLLFZCFZ RL LFILFZCFICFZ plLFlLFZCFIP leLLFlLFZCFICFZP
1 S+ LF2P2 tley 1
_L R Ce, R LFlLFZCFICF2P2 PileiLe,CpiCrp P i
det(sl —A)
x(s)
G.:(s)== =
-3
2 2 2 2 2 : 2(Rice, +Ls,) 4
- s® - " s- s* + . s+
PR L Cpy p,RL;,CrCry PR LeiLe,CeiCo, PP, R Lg Cpy P p, P, R Lg L, CriCr P P PR Leybe,Cpi G, P
2
2 s 2 > 2 2 Z(RLCH*LFZ) > 4
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2 2 2
p,R CpiLe,P pZRELFZCFlcFZP PP L, PP, R LFZCF1CF2P2 P, pZRfLFlLFZCFlcFZPZ PP, R LeiLe,CpyiCry
2 2 2 2 o 2
_L p,R Lg,CpiCr, P PP, Le,Crp p1p2RLLF2CF1CF2P2 PP, Les Lo CriCry i
det(sl —A)
b, (s)
G:. - (s)= =
0 ( ) U (S)
(LFICFI + LFZCFZ )P2 + LFICFZ 82 + LF2P2 + LFl 1
LHLFZCHCFZF’2 R LFlLFZCF1CF2P2 LeibeCriCes
) det (sl - A)
i, (s)
G: ;(s)=—= =
-
2 2 2 2 2
- - s" + s— U
PR Le,CeiCr P PP, Le,Crp plpQRLL“CHCFZF’2 PPy LeiLe,CriCry
) det (sl -A)
det (sl —A)=
— SA + 1 SS + (LFlcFl + LFZCFZ )Pz + LFICF2 SZ + LFZP2 + LFI s+ 1
R Ce, LFlLFZCFlcF2P2 R LFlLFZCFlcF2P2 LesbenCriCey
G (5)=[C Gy (5)+D]u(s)+[C Gy ; (5)]d(s)= Gya (5)
La X0 %.d G - (s) =27 (30)
Upa U U (S)
) (28)
=Gy, 1 (S)'“(S)+GaLa,a (s)-d(s) )
N (S) _ Ua (S)
where: Ua.d d (S) (30)
X (S) are the transfer functions, which describe dynamical input-
G (S) = i (s) (28) state, control-state, input-output and control-output
properties of analysed phase shifter. These dependencies
x(s) are collected in Table 2.
G?(,a (S) - a (S) 29)
and
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4. SIMULATION AND EXPERIMENTAL VAINGY

TEST RESULTS
¢ D
In order to confirm the theoretical approach, simulation — Calculation
. . L . 0.5 O Simulation
and experimental investigations of the analysed solution have x  Experiment
been made. The switched model scheme used during 0
. . . . e 0 0.2 0.4 0.6 0.8 1
simulation tests is shown in Figure 4, however, the laboratory arg(H, ) [fad]
model scheme used during experimental tests is shown in et
Figure 2. The values of the relevant circuit parameters are /4
collected in appendix Table A2. (fte:e:egﬁ—&—oﬁow)
In Figures 8-10 exemplary time waveforms and basic /4
property characteristics are shown to illustrate the analysed _a D[]
phase shifter steady state operation. 0 0.2 0.4 0.6 0.8 1

As can be seen in Figure 8 the ph?se Shif‘[?l‘ output voltage Fig. 9. Magnitude and phase of the voltage transmittance as a function
ur, for D <0.5 is shifted in phase with positive angle (leaded  of pulse duty factor D
phase) to input voltage, for D > 0.5 it is shifted in negative

phase (lagged phase). For D = 0.5 the output voltage is in 1505( sl o

phase with input voltage. The same is confirmed by
characteristics in Figure 9. It should be noted that changing 0.8
the load voltage phase does not influence the input
displacement factor of the phase shifter (Fig. 10). 0.6 — Caloalation
The calculation and simulation (PSpice) test results of 2% Simulation
transient states for the the analysed phase shifter are 0.4 X _Experiment
illustrated in the following figures, from Figures 11 to 22. In
the first part, in figures from Figures 11 to 16, transient states 0.2
are presented at the step change of the input voltages ug, b
and ug,;, from 100% to 75 % of their nominal values in time 0 05 o Y 05 ! ]

moment ¢y and with the pulse duty factor d =D =10.75.
Fig. 10. Input displacement factor as a function of pulse duty factor D

%) oisa V) gy V1, 47100 [ b)

200¢ 200

Fig. 11. Input voltage
time waveforms for

transient state where 2001 — %100
D= 0.75, _200 b ’
a) analysed period, 40 L 1 [mS] l : e
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a) "a [V] e (Calculation
400 . .
—— Simulation
200 -
Fig. 12. MC input Or4--4-17F--#4-8--8--%--

voltage time waveforms
for step change of the

-200¢

supply voltage where ! .

D =075, ) - ; - .‘

a) analysed period, 40 10 Zoom . t[ms] 4 . : . _t[ms]

b) zoom POO 120 140 160 180 120 125 130 135 140
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Fig. 13. MC input current
time waveforms for step
change of the supply
voltage where D = 0.75,
a) analysed period,

b) zoom

Fig. 14. MC output
current time waveforms
for step change of the
supply voltage where

D =0.75,

a) analysed period,

b) zoom

Fig. 15. Compensating
voltage time waveforms
for step change of the
supply voltage where

D =0.75,

a) analysed period,

b) zoom

Fig. 16. Load voltage time
waveforms for step
change of the supply
voltage where D = 0.75,
a) analysed period,

140 b) zoom
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Fig. 17. Supply voltage o i oF---
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Fig. 22. Load voltage time
waveforms for step change of
d from 0.25 to 0.75 for
nominal value of supply
voltage,
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'20900

Figures from Figure 12 to 16 show good consistency of
calculation and simulation test results. Furthermore, they
illustrate that parameters of the MC input and output filters
should be corrected in order to decrease the oscillation period,
especially of the compensating voltage u at step change of
the supply voltage.

In the second part of the research results, presented in
figures from Figure 17 to 22, there are transient states at step
changes of impulse duty factor d from 0.25 to 0.75 for nominal
values of input voltages, as shown in Figure 17.

Figures from Figure 18 to 22 also show good consistency
in calculation and simulation test results of properties
connected with the output-control signal transmittance. The
obtained results confirm that the small signal averaged
(mathematical and circuit) models presented in section 3 can
be useful in transient responses analysis of the described
phase shifter. In the analysed circuit the response time for
step change of d from 0.25 to 0.75 is less than a half period of
supply voltage. Similarly to properties connected with output-
supply voltage transmittance, optimisation of MC input and
output filter parameters should also be continued.

5. CONCLUSIONS

The steady state and small signal averaged mathematical
and circuit models of quadrature-booster phase shifter with
bipolar MC and passive load have been elaborated.
Furthermore, the steady state characteristics and transient
responses of the analysed phase shifter have also been

b) zoom

investigated. Both simulation test results, obtained for one
phase shifter with MC switched model (non-stationary
circuit), and experimental ones have confirmed that elaborated
models can be useful in steady state and transient responses
of the analysed phase shifter. In the analysed circuit the
response time for step change of d from 0.25 t0 0.75 is less than
ahalfperiod of supply voltage. These investigations also show
that optimisation of MC input and output filter parameters
should also be continued, especially in order to decrease the
oscillation period of the compensating voltage u at both the
step changes of the control signal and supply voltage as well.
The validity of the proposed models will be the subject of
future investigations of the presented phase shifter with active
load and for closed control systems as well.

6. APPENDIX

Table A1 shows parameters of the chain matrixes and Table
A2 shows simulation and experimental test circuit parameters.
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Table Al. Parameters of the chain matrixes.

Table A2. Simulation and experimental test circuit parameters.
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