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A Modular and Scalable Structure Using
Multiparallel-Connected Series-Voltage
Compensators for Supply Voltage Regulation

Victor Sui-Pung Cheung, Henry Shu-hung Chung, Senior Member, IEEE, and Alan Wai-Lun Lo, Member, IEEE

Abstract—A modular and scalable voltage-regulation structure
for enhancing service continuity and flexibly changing the system
power rating is proposed. The methodology is based on paral-
leling multiple series-voltage compensators, namely multiparallel-
connected series-voltage compensator (MSVC), to regulate the load
voltage. The output voltage of each compensator is controlled lo-
cally by adjusting the phase angle of the output voltage of the
inverter in each compensator, while the output current of each com-
pensator is coupled to two adjacent compensators via two coupling
transformers. The coupling transformers form a daisy-chained
structure. The load current can be shared near-equally among
the compensators through the transformer structure. The oper-
ating principle, steady-state and transient current-sharing char-
acteristics of the architecture will be discussed and illustrated. A
simplified design procedure will be given. A 3-kVA MSVC test bed
with three parallel-connected single-phase compensator units has
been built and evaluated. The response of the MSVC system with
each compensator unit engaged and disengaged momentarily will
be investigated. Such structure is applicable for regulating and sta-
bilizing the supply voltage for consumers at the distribution side.

Index Terms—Ac voltage regulation, daisy-chained trans-
formers, dc-ac power conversion, inverters, synchronous series
compensator.

NOMENCLATURE
v, Load voltage.
Vi Steady-state value of vy,.
lvr] RMS value of vy,
i Load current.
0 Phase angle between vy, and iy,.
Uy Output voltage of the rth compensator.
V. Steady-state value of v,..
O Phase angle of v, .
D, Steady-state value of ¢,..
«@ Type of load (Inductive: o = 1, Capacitive: « = —1).
Ty Current through the rth compensator.
I, Amplitude of the maximum current through the com-

pensator.

Manuscript received March 25, 2015; revised June 20, 2015; accepted August
7, 2015. Date of publication August 17, 2015; date of current version January
7,2016. This work was supported by a grant from the Research Grants Council
of the Hong Kong Special Administrative Region, China, under Project CityU
112512. Recommended for publication by Associate Editor S. K. Mazumder.

V. S.-P. Cheung and H. S.-h. Chung are with the Centre for Smart Energy
Conversion and Ultilization Research, City University of Hong Kong, Hong
Kong (e-mail: spcheung @cityu.edu.hk; eeshc @cityu.edu.hk).

A. W.-L. Lo is with the Department of Computer Science, Chu Hai College
of Higher Education Hong Kong (e-mail: wllo@chuhai.edu.hk).

Color versions of one or more of the figures in this paper are available online
at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TPEL.2015.2469156

i |
|i7‘,max|
i

Uy

vz |

o

!

w
Wnr

Ly

&

Vde,r
Vdc,r
@dcxr'
ULq,r
Vo,r
Vor
|Uo.r ‘
Uref,r
Uref ext
Us

RMS value of i,.

Maximum rms value of ¢,.

Maximum current ripple on the output.
Output voltage of the MSVC.

RMS value of v,.

Phase angle of v,..

Line frequency.

Angular line frequency (2 7 f).

Natural frequency of rth compensator.
Damping ratio of rth compensator.

Time constant of the integrator.

Switching frequency of the inverter.
Modulation index of the inverter.

Maximum flux density of the core.

Dc-link capacitor of the rth compensator.
Output filter capacitor in the rth compensator.
Output filter inductor in the rth compensator.
Core geometry value.

Integral gain of the PI controller.

Integral gain of the supervisory controller.

Case classification (Case I. K; =1 , Case II:

Kp =-1).

Gain of the modulator.
Proportional gain of PI controller.
rth transformer.

Magnetizing inductance of 7.
Turns-ratio of 7T;..

Total number of parallel-connected series voltage

compensator.

Number of turns of the primary winding.

Power flow into Cyc .

Steady-state value of pqc,,.

Real power.

Load power factor.

Reactive power.

Apparent power.

Dc-link capacitor voltage of the rth compensator.
Steady-state value of vqc,; .

Maximum voltage ripple on Cyc .

Maximum voltage drop across Ly, .

Load voltage of the rth compensator.
Steady-state value of v, ;.

RMS value of v, ;.

Reference voltage of the 7th compensator.
External reference voltage of the rth compensator.
Ac mains voltage.
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[vs]| RMS value of v,.

o Voltage across rth transformer 7.
|U7 max| Maximum rms value of vy .

|Zy | Magnitude value of load impedance.

1. INTRODUCTION

N emerging trend in the electricity industry is a paradigm
A shift from large power plant to small distributed genera-
tion (DG) systems located at the point of consumption. Such
architecture has the merits of optimizing the asset utilization
and power quality, and system reliability, flexibility, and capac-
ity [1], [2]. It operates like the centralized power systems except
that the system coverage and operation are being down scaled
and are based on a high degree of automated functions. It is thus
crucial to provide the loads with a regulated supply voltage.

Traditional voltage regulation method can be categorized
into two main approaches: transformer-based regulators and
inverter-based voltage regulators. The transformer-based reg-
ulators regulate the voltage by using mechanical devices to
select appropriate position of the taps on a transformer or of
the movable contacts on an autotransformer [3]-[5]. However,
the dynamic response of the entire system is limited by the
slow movement of the taps or movable contacts. The mainte-
nance cost is also high. The inverter-based regulators make use
of power electronics technology to regulate the output voltage.
The idea is based on first rectifying the incoming ac voltage into
a dc voltage and then converting it back to an ac voltage. Such
architecture is suitable for applications requiring variable volt-
age and variable frequency output, such as motor drives [6]-[8].
As the entire system consists of two power conversion stages,
the energy efficiency would sometimes give challenges to de-
signers in managing heat dissipation and increasing the power
density. Since the regulator has to process total load power, the
Volt-Ampere (VA) rating of the regulator has to be equal to
or larger than the maximum rating of the whole system. Thus,
the required size, weight, and cost introduce additional design
constraints.

Series voltage compensator (SVC), which consists of a volt-
age source inverter connected in series between the ac mains
and the load, is a simple solution for load-voltage restoration
and regulation [9]-[14] with the output frequency the same as
the frequency of the ac mains. The main advantage is that the
required VA rating is smaller than the rating of the entire sys-
tem as the SVC only compensates the difference between the ac
mains voltage and load voltage.

A straightforward approach to meeting the required power
rating is the use of a single unit. However, the power ratings
of the loads in DG systems are of wide diversity. Thus, a mod-
ular and scalable approach is preferred. The efficient way to
enhance modularity and scalability is to use multiple units of
regulators in parallel to form a modular-based architecture. This
can also help the stock management. The main challenge of
paralleling multiple regulators is to ensure the current flow
through each unit does not exceed the maximum current in
both steady state and transient. Conventional current-sharing
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approaches are based on master-slave control [15]-[18], cen-
tralized control [19]-[21], and average load sharing [22]-[24].
These control methods regulate the output voltage and, at the
same time, control the current sharing by using multiple control
loops, giving challenges to designers about the system stability
and control mechanism. Those methods highly rely on the inter-
communication line among units. Thus, the system reliability
and modularity are the major concerns in the system design.
Most importantly, if one/some of the units fail(s), the operation
of the rest of the units might be affected.

A series voltage regulator using modular-based SVC architec-
ture is proposed. The method enhances the modularity, scalabil-
ity, adaptability, and service continuity of the voltage regulation
system. The concept is based on connecting multiple units of
low-power SVC in parallel to form a multiparallel-connected
SVC (MSVC) architecture. Each unit is coupled to one another
through a coupling transformer and all coupling transformers
are daisy chained. The load current is shared among each unit
equally during both steady state and transient periods without
any external current control. Even if one of the SVCs malfunc-
tions, the rest of the units will not be overloaded and the voltage
regulation can still be maintained. Such modular approach al-
lows consumers on the demand side to flexibly optimize and
manage the utilization of regulators and manufacturers to pro-
duce standardized low-power units for voltage regulation. It
also allows hot-swapping without significant interruption to the
operation of system. This paper will discuss the modeling and
analysis of each unit and the entire MSVC structure. The theo-
retical predictions will be confirmed experimentally on a 3-kVA
test bed.

II. OPERATING PRINCIPLES AND ANALYSIS
OF THE MSVC ARCHITECTURE

A voltage regulation system with SVC is presented in this
section. It is shown in Fig. 1. The output voltage v,, which
is in phase quadrature with the load current iy, either leading
or lagging, is injected between ac mains v, and loads. The
magnitude of the load voltage vy, is regulated by controlling v,,.
By applying the Kirchhoff’s voltage law

Vs = Uy + VL. (1)

The real power P, and the reactive power @), handled by the
MSVC are

v ||vs |U:x|2

P, = cos(¢p, +0) — cos 6 2)
i) Oz

Q. = [ s sin(¢, + 0) — [o:]? sin @ 3)
|Z1| 21|

where |vg] is the rms value of vg, |v,| is the rms value of v,
| Z1,| is the magnitude value of load impedance, ¢, is the phase
angle of v, and 0 is the angle between vy, and iy .
Derivations of (2) and (3) are given in the Appendix.
Ideally, P, = 0. However, the practical value of P, is slightly
larger than zero as some energy will be consumed by the
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Proposed Multi-Parallel-Connected Series Voltage Compensator (MSVC)
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Fig. 1. Schematic of MSVC.

Fig. 2. Four possible operating scenarios in Case I (|vy,| < |vs|) and Case
(v | > |vs).

compensators in the MSVC. There are in total four possible
operational scenarios under inductive and capacitive load, re-
spectively. The phasor diagrams of the scenarios are illustrated
in Fig. 2. They are classified into two cases: Case I and Case
Il. In Case I, |vg | < |vs|, where |vg]| is the rms value of v,. In
CaseIl, v | > |vs|. It can be shown that

v, | = KL[\/|1)S|2 — (Jur| cos8)? — |ug | sin(ab)] (4)
¢, = Krasin™! (|ZL| cos 0) 5)
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where K; = 1 for Case I and K; = —1 for Case I, « = 1 for
inductive load and aw = —1 for capacitive load.

Derivations of (4) and (5) are given in the Appendix.

Based on (4), Fig. 3 shows the relationships between |vy, | /|vg]|
and load power factor (pf), cos 6, under a given magnitude of v, .
Thus, the controller has to take the load type and the operating
case into account to adjust ¢, for regulating vy, .

Instead of using one SVC, an architecture that consists of
N parallel-connected series voltage compensator (MSVC) is
proposed. It is shown in Fig. 1. The MSVC is connected in series
between ac mains v and loads. The load current 7;, is shared
among the compensators through transformers 77,75 ..., Ty,
which are connected in the form of a daisy-chain [25]. The
primary and secondary sides of each transformer are connected
to two adjacent compensators, so that the currents through the
two connected compensators are in a ratio determined by the
ratio between the number of turns on the primary side and
the secondary side. The proposed modular-based architecture
allows the power rating of the entire regulator system to become
scalable. Modeling of the single phase system with the proposed
MSVC architecture, and individual compensator unit are studied
as follows.

A. Modeling of MSVC

Consider a generic branch r. If the voltage across the MSVC
configuration is v,

—Np VT -1 + VT + Vp = Vs, for r
:1,2,...,N,n0 =Ny andvao = VTN (6)

where n,_; is the turns-ratio of the transformer 7). _;, vr , is
the voltage across the transformer 7., and v, is the voltage
generated by the rth compensator.

Let v=_[v vy ... vy ... ox]T and vp =
[vr1 vra ... vr, ... vpn]T . The following matrix
equation can be formulated by expanding (6):

v+ Kvr = v, (7
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where SvVC
M1 0 0 —ny T
—ny 1 0 0
0 —MNo9 1 0
K = 0 and
—n,
1 0
0 0 —NnyN_1 1
17
1
6 — v.\' v().l'
1
1 Fig. 4.  Circuit schematic of the rth compensator.
Consider the transformer 7.
vy = (ir — Npips1 )L, fore By applying the Kirchhoff’s voltage law for the regulator
: ' system
= 1,2,...,N,andn =n 8
e ® v = v, — vy (1)
where i, is the current of the rth compensator and L, , is the o ] )
magnetizing inductance of 7T}.. By substituting vy, = i1 Zy into (11)
Leti = [i 49 ... iy ... ix]|T . The following matrix equa- Ve = vy — i 21 (12)
tion can be formulated by expanding (8): , . ) ]
' where i;, = 374, in which 37 is the transpose of 3.
vp = Zi 9 Substitute (12) into (10)
SL771,1 _nISLm,l 0 7= Y(ﬁvs — ’U) (13)
0 SLm 2 *HZSLm 2 0 _ —1 . . .
’ ’ where Y = [KZ + Z;{1}]!, and {1} is unity matrix.
0 It should be noted that the steady state of 7, is ideally in phase
quadrature with v,..
where 7 = s By considering the small-signal variations around the oper-
’ ating point in v and i, the small-signal terms in (13) can be
expressed as
0 Ai(s) = =Y Auv(s) (14)
L —nNSLy, N 0 where  Ai(s) = [Aiy(s) ... Ai(s) ... Aiy(s)]T  and
) Av(s) = [Avi(s) ... Av.(s) ... Avy(s)]" are the small-
0 signal variations in i and v, respectively.

(14) is the describing function that describes the small-signal
response of the compensator’s output currents to the variations
in the compensator’s output voltages.

—Np 8Ly, - B. Modeling of an SVC Unit
0 Fig. 4 shows the circuit schematic of rth compensator unit.
The power stage of the compensator is an inverter with its dc
. —ny_1s Lo N1 side connected to a capacitor Cy, , and its ac side connected in
0 I series between the ac mains and the load. The inverter consists of
Thus. b substiLL'lt.in ) into (7)8 m,N a half-bridge circuit and an output filter formed by the inductor
el J L., and capacitor C, ,. Without loss of generality, it can be
KZi= pv, —v. (10)  implemented with a full-bridge circuit. The output of the inverter
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is v, which is in phase quadrature with the branch current i,.,
either leading or lagging. The controller senses the load voltage
U, first and then controls the phase angle ¢, of v, to regulate
Vg, -

On the dc side of the inverter, the power pq. , flows into the
dc-link capacitor Cyc , is

dvdc,r
dt
where vq, - is dc-link capacitor voltage.
By introducing small-signal perturbations into pqc,, andvqe,,

Pde,r = Pdc‘r + Apdc,r (t) (16)
Vde,r = Vdc,r + A'Udc,r (t) (17)

Pde,r = Cdc,rvdc,r (15)

where Py, and Vj.,, are the steady-state values of pq. , and
Ude,r, respectively.
By putting (16) and (17) into (15)
dAUdc,r
dt
On the ac side of the inverter, the power flow into the volt-
age regulator is expressed in (2). By introducing small-signal
perturbations into p,, v, and ¢,, that is

Apdc,r = Cdc,TUdc,r (18)

pr(t) = P+ Apr(t) (19)

v = Vi + Av (1) 20)

¢r = O, + Agy(t) ey

where V, and @, are the steady-state values of v, and ¢,,

respectively.
By putting (19)—(21) into (2)

s||ir 2|v ]2,
Ap,.(t) = % cos(®, +0) — ||1; |Z| | cos | Av,(t)
—% sin(®, + 0)Ad, (1) (22)

where |, | is the rms value of ¢, and |v, . |is the rms value of
Vg, -
Based on the law of conservation of energy

2Api.(t) = Apy(t). (23)
By substituting (18) and (22) into (23)
1 dAw,(t) |2, |
4 de,r — 5 = - QTA - (t
C, R o] cos 0, Av, (t)
w0200 @0
Vo,r

where m is the modulation index of the inverter.
After rearranging (24) and taking Laplace transformation
Awv,(s)
Gl r\S) = - -
o(8) =% 5 (5)
The relationship between v, , and v, can be found by using
the cosine law as

m? i, |(|vo.| + a|v,|sin6,) 25)

S4Cd(:,7’|vo,7'| + |7:7~|COS 970 '

|v0_rr|2 = |vs|2 + |vr|2 — 2|vg||v,| cos @, (26)
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By introducing small-signal perturbations into v, ,

Vor = ‘/0,7' + Avo,r(t) (27)

where V, ,. is the steady-state value of v, ..
By substituting (20), (21), and (27) into (26), the small-signal
variations around the operating point can be expressed as
Av, . (s)
GQ,T(S) = AQST (S) - Gl,r (S)Ca.r + Cb,r
where C,, , = — sin(a#, ) and Cj, , = «|v,| cosb,.

A proportional-plus-integral (PI) controller H, (s) is used to
regulate v, , at the reference voltage v,.r - by altering the angle
¢, in each compensator. Fig. 5 shows the small-signal control
block diagram of rth compensator unit. The closed-loop transfer
function Ty, , (s) of voltage regulator is

_ Avo,r(s) _ Hr(s)GQ,T(s)
AUrefﬁ" (S) 1+ H, (S)GQ,T(S)

where H,(s) = aK,, (K, + £¢), in which K}, and K; are the
proportional gain and the integral gain of H, (s), respectively,
and K, = 15 is the gain of the modulator.

Thus, the characteristic equation of Ttr, , (s) is

(28)

Ter,r(s) (29)

s+ 25wy s+ ws =0 (30)

where

Yr Km Ki |'Lr |
Wpr =
’ 4C e, |00, |(1 + Ky, Kp vy | cos 6,.)
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TABLE I
COMPONENT VALUES USED IN THE ANALYSIS

Parameter Value Parameter Value

[vs | 220V f 50 Hz

lvg | 205V pf 0.85

I, 10 A Cde.r 3mF

K, 10 Cyor 13 uF

K, 1 Ly, 0.5 mH

Ki‘cxt 1 Lm,r 02H

m 1
Avils) 7

AVyepends) Hos) -BY Z,G(s) > Avi(s)
Fig. 7. Small-signal control block diagram of the whole system.

TABLE II
PARAMETER VALUES USED IN MONTE-CARLO SIMULATION

Parameter Value

Min Nom. Max
v | 198 V 220V 242V
pf +0.7 0.85 1
|vs | 220V 265V
Cac 24mF  30mF 3.6mF

is the natural frequency,

_ ACy Ky Kilvo o ||vr | cos 0, 4 v, Ky K iy | + i | cos 6,
B SCdc|Uo7’r' |(1 + Km Kp |’U7»| COs 97')9‘)7“7'

&

is the damping ratio, in which -, = [cos? 0, |v.|+
m? sin® 0, [v, | + m?|v, | sin(ab, )].

The poles of T¢y, . (s) are

1,82 = _frwnn" i] V (1 - 52)

(31) shows that all closed-loop poles lie in the left half s-plane.

(3D

C. Modeling of the Overall System

The load voltage vy, can be expressed as

v = ﬂT’L' ZL. (32)
By substituting (13) into (32)
v, = ALY (Buy — )7y, (33)

and considering the small-signal variations around the operating
point, the small-signal characteristics can be expressed as

Avp(s) = =BTY Zp Av(s). (34)
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Based on (25), (29) and Fig. 5, Av(s)can be expressed as

Av(s) = G(s) Avper(8) (35)
where Avyer(s) = [Avyer 1 Avpet Avyer v 1"
and
H1 (S)Gl,l(s) 0
[1—Tera(s)]
HQ (S)GLQ(S)
() = ! 1= Tea(s)] (- °
0
i 0
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0
H,(s)G1 ()
1= Tor,(s)] (°
0
{HN(S)GLn (s) }
[1=ToLn(s)] ) |

By substituting (35) into (34), the variations of the load volt-
age Awy can be expressed as
Avy(s) = —F1Y Z; G(s) Aveer(s). (36)

Assuming that all coupling transformers are identical, (36)
can be expanded into
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1
A’UL (S) = _NHI (S)Glj (S)[l — TCL,l (s)]Avrem (S) — ...
1
— NHT (s)G1,(8)[1 — Torr (8)]Aver r (8) — ...
1
— NHN (S)Gl,N (S) [1 — TCL,N (8)]Al}ref1N (S)
(37)
in which they have the common denominator of
§* + 28wy 5+ wh . (38)

Based on (31) and (38), the closed-loop poles of the overall
system lie in the left half s-plane, confirming the stability of the
MSVC.

For the sake of simplicity, the steady-state error of vy, is ob-
tained by using numerical method based on (33). Fig. 6 shows
the maximum steady-state error of vy, in terms of the number
of units disengaged for N varying from three to five. The com-
ponent values used in the analysis are shown in Table I. It can
be shown that the error equals zero if all units operate normally.



CHEUNG et al.: MODULAR AND SCALABLE STRUCTURE USING MSVC FOR SUPPLY VOLTAGE REGULATION

R T R EP TR,

w0
A

Phase Margin
3

75} :

Blue line: Max. value
Green line: Min. value
i Normal |
= = = One unit disengaged

===+ Two units disengaged

6 ' 'S | 1
320 225 230 235 240 245 250 255 260 265
Vs

(@)

= [ .
E’ A ;'\\ .'/\,\ » ‘ »
[ e w \ it N ]
; =Y VY \/\\/! N NN
&~
R VACAVAS A ViV A%
30t . .
Blue line: Max. value
Green line: Min. value
20r = Normal I
= = = One unit disengaged
10F ===+ Two units disengaged [
220 225 230 235 240 245 250 255 260 265
Vs
(b)
Fig. 11.  Phase margin versus |vs|. (a) Full load. (b) 10% load.

However, if one of the units malfunctions or is disengaged, an
error caused by the output voltage difference among each unit
occurs. Therefore, a supervisory controller Hey(s) is added to
reduce the error of vy, by adjusting the setting point of vf in
each unit. The implementation is shown in Fig. 1. The controller
first senses and compares the load voltage with the external ref-
erence, Uref,ext, Which is the expected load voltage. Then the
controller generates a reference signal based on the voltage dif-
ference to offset v, in each unit. Fig. 7 shows the control block
diagram of the whole system.
Based on Fig. 7, the load voltage vy, can be expressed as

A'UL = —5T Y ZL G(S) cht (5)[Avrcf,cxt (S) - AUL (8)]
(39)
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TABLE III
DESIGN SPECIFICATIONS

Parameter Value Parameter Value
fs 20 kHz m 1
I, 10 A Dde,r 2V
i 1A Vigor 2V

where Hey (s) = K; exi /S, in which K oy is the integral gain

of Hexi(8).
The overall transfer function is
Avp (s) —BYY Z, G(5) Heyi(5)

Aot (s) 1=BTY 21 G(s) Ho(s) 0

III. STABILITY ANALYSIS

To study the stability of the MSVC architecture, a Monte-
Carlo analysis is conducted on MATLAB. The values of
[Vo].|vs ], pf, and Cy. in (40) are randomly generated. The pole
and zero locations and the phase margin of the system are cal-
culated under different combinations of the intrinsic and ex-
trinsic parameters, including supply voltage, loading condition,
and dc-link capacitance. The ranges of the generated values are
shown in Table II and the total number of samples used in each
simulation is 5000. Assuming that their values are Gaussian
distributed. Figs. 8-10 show the locations of the closed-loop
system poles and zeros of the MSVC with three, two and one
parallel-connected unit(s), respectively. It can be observed that
all the poles and zeros lie on the left half s-plane. Fig. 11 shows
the phase margin of MSVC with different ac mains voltages
and different number of units engaged. The phase margin varies
between 75° and 90° under the full-load condition, and between
40° and 90° under the 10% load condition. The results confirm
the stability of the MSVC.

IV. SIMPLIFIED DESIGN PROCEDURE

The design of the major power components is given in this
section. The power components include L, ,, C, ,, and Cqyc,r,
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Load #3

Dehumidifir  Resistor

=

=

(b)

Fig. 13.  Test setup. (a) Block diagram. (b) Photo.

and coupling transformers 7;.. They are designed by using the
parameters f, I, m, Ddac,r, VLq,r, %T,f, and w.

1) Step 1—Determination of the Voltage Rating of v,..

The voltage rating of v, is designed by considering that the
resultant v,, meets the required compensation voltage even if
N — 1 of units are disengaged.

By substituting (9) and (13) into (7), the relationship between
v and v, is

v+ KZY(Bvs — v) = (o, 41)

Assuming that the all output voltage of engaged units are the
same. Based on (41), the ratio between v, and v, is
VU N

= . 42
v,  Number of engaged units (42)
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TABLE IV
LiST OF LOADS CONNECTED TO THE MSVC

Load Description (Model) Quantity Rating (VA)
Inductive Capacitive
#1 Sodium lamp (Philips SON-T Plus) 3 460 £29.5° 660 £ — 89°
#2 Dehumidifier (Hitachi RD-2120E) 1 550 £ 29.5°
#3 Resistor 1 1000 « 0°
Tek stop [ ]

= =

NN NN
D\-//-\ \/ N \/ ; \//\ vy

M10.0ms A Ch4 & 0.00V

Chi 100V Ch2| 100V
Ch3[ 100V 500 V
(@)
Tek stop f i ]

4—1'1

B ;:

E] . "/\\ | /\\ ) | //-\3“— Vs
\.//\\_/ \/; \/‘/\J

M 100AQ Ch2[ 10.0A2 M10.0ms Al Chd4 S 0.00V
Ch3[ 10.0AQ |Ch4] 500V
(b)
Fig. 14. Steady-state waveforms when the apparent power and power factor

of the loads are 2745 VA and 0.82 (Timebase: 10 ms/div). (a) 1 (100 V/div),
vo (100 V/div), v3 (100 V/div) and vy, (500 V/div). (b) i1 (10 A/div), is (10
A/div), iz (10 A/div) and vg (500 V/div).

By using (4), the required voltage rating of v, can be deter-
mined.
2) Step 2—Determination of the Values of L, ., Cy ,, and
Cdc,r-
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Fig. 15. Steady-state waveforms when the apparent power and the power
factor of the loads are 1948 VA and —0.89 (Timebase: 10 ms/div). (a) v,
(100 V/div), vo (100 V/div), v3 (100 V/div) and vy, (500 V/div). (b) i1 (10
A/div), io (10 A/div), i3 (10 A/div) and vg (500 V/div).

The values of L, ,,C; -, and Cy. , are designed by using the
method describing in [25] and [26]. That is

ULq,r
L — 4
o < TafT (43)
Cp > ! (44)
o 27 fo (27 fs Lq,?“%&)
and
m I
C'dc,r = 8_ = - . (45)
W Vdc,r

3) Step 3—Design of 7.
The maximum apparent power St of the transformer is
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Fig. 16. Transient responses from the operation shown in Fig. 14 to the opera-
tion shown in Fig. 15 (Timebase: 200 ms/div). (a) 1 (100 V/div), v (100 V/div),
v3 (100 V/div) and vy, (500 V/div). (b) i1 (10 A/div), i2 (10 A/div), i3 (10
A/div) and vg (500 V/div).

ST = IUT,max | |ir,max | (46)
where |v7 max| and |i, max| are the maximum rms value of vy
and 7, , respectively.

Fig. 12 shows the vy yax| in terms of v, for N varying from
two to seven. A core geometry approach method is used to
design the coupling transformer [27]. The core geometry, K,
is

o 257
Y BT17 f2B2 0 104

47

where B,, is the maximum flux density of the core and o is the
regulation of the transformer.
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Fig. 17.  Transient responses from the operation shown in Fig. 15 to the opera-
tion shown in Fig. 14 (Timebase: 200 ms/div). (a) v (100 V/div), vo (100 V/div),
v3 (100 V/div) and vy, (500 V/div). (b) i1 (10 A/div), io (10 A/div), i3 (10
A/div) and vg (500 V/div).

By applying the Faraday’s Law, the number of turns IV, of
the primary winding is determined by the formula given in [27]

|'UT,max|(104)

N, = .
P 4444, Buax f

(48)

4) Step 4—Determinations of the Values of K cy;.
The values of K, and K; are determined by (30) for the given
& and wy, . That is

wgm(’y,«BT — A, |i,|cosb,)

K; = - -
' m (VElir[* = 2wy &y ir | Ar + W%,rAg)

(49)
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Fig. 18.  Steady-state waveforms when one of the units is disengaged (Time-
base: 10 ms/div). (a) v (100 V/div), vo (100 V/div), v3 (100 V/div) and vy,
(500 V/div). (b) i1 (10 A/div), i (10 A/div), i3 (10 A/div) and vg (500 V/div).

_'7r|ir|2 cos ), + 2wn,r§r Ve Br 2 A2 T o, |clos€

m (V2 lir[* = 2wp r &y Ar + W%,rA%)

K, =

(50)

where A, =4 Cyc|vo ,||vr|cos O, and B, =4 Cyc,, |ir||vor].

Typically, &, is set to 0.7 and w, ,- is set to five times of line
cycle [28].

5) Step 5—Determinations of the Values of K oxy.

The value of K; .y is determined by the time constant 7 of
the integrator. That is

1

Kioxt = e (5D

In order to minimize the influence of each unit to the sys-
tem response, 7 is set to be five times slower than the natural
frequency.
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Fig. 19. Transient waveforms when one of the units is disengaged (Time-
base: 400 ms/div). (a) v1 (100 V/div), v2 (100 V/div), v3 (100 V/div) and vy
(500 V/div). (b) i1 (10 A/div), i2 (10 A/div), i3 (10 A/div) and vg (500 V/div).

V. EXPERIMENTAL VERIFICATIONS

A 3-kVA, 220-V, 50-Hz prototype with three parallel-
connected series voltage compensators has been built and eval-
uated. The design specification is given in Table III. Fig. 13
shows the testing setup, in which the MSVC is used to supply
three sets of loads, including sodium lamps, dehumidifiers, and
a resistor bank. The setup simulates a typical residential envi-
ronment with varying load power and power factor. The power
ratings of the loads are listed in Table IV. Each SVC unit has
an internal bypass switch across its output. The switch will be
closed when the unit is disengaged. A Freescale’s digital sig-
nal processor is used for the supervisory controller. The three
coupling transformers, 77, 75, and 75, have the magnetizing in-
ductances of 162, 152 and 160 mH, respectively. The reference
voltage vref,» and Vyer ext are all set to 205 V.

b wmmumw'wmwlﬂllulnm tmhnsmmnmmm!nnmmnmmn -
B -

| L 1 L 1 1
Ch2| M400ms A Ch4 & 0.00V

chi 100V 100 V
Ch3[ 100V [EE 500V
(a)
TekStop | k = ]

...... MIIIIM il

Ch'l[ IOOAQ CI'IZ’r IDDAQ M400ms A Chﬂl! 000\"’
Ch3| 10.0AQ 500V

(b)

Fig. 20.  Transient waveforms when |v, | change from 220 to 245 V (Time-
base: 400 ms/div). (a) vy (100 V/div), vo (100 V/div), vvs (100 V/div) and vy,
(500 V/div). (b) i1 (10 A/div), io (10 A/div), i3 (10 A/div) and vg (500 V/div).

When all the sodium lamps among the loads are in normal
operation, its input is inductive. The apparent power and power
factor of the loads are 2745 VA and 0.82. Fig. 14(a) shows the
steady-state voltage waveforms of v, ve, v3, and vy . Fig. 14(b)
shows the steady-state waveforms of 71, 22, 23and vg. The current
through all compensators is 3.5 A. When the lamp goes off and
the PFC capacitor is still connected across the input of the lamp
ballast, its input becomes capacitive. The apparent power and
power factor of the loads are 1948 VA and —0.89. Fig. 15(a)
shows the steady-state voltage waveforms of vy, v2, vs, and vy .
Fig. 15(b) shows the steady-state waveforms of 71, 72, i3and vg.
The current through all compensators is 2.3 A. The voltage and
current waveforms of the three units are similar in the above
test, confirming the operation of MSVC.

Fig. 16 shows the transient waveforms when the system is
changed from the operation shown in Fig. 14 into the operation
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Fig. 21.  Transient waveforms when |vs| change from 245 to 220 V (Time-
base: 400 ms/div). (a) v (100 V/div), vo (100 V/div), 3 (100 V/div) and v,
(500 V7div). (b) i1 (10 A/div), i (10 A/div), i3 (10 A/div) and vg (500 V/div).

shown in Fig. 15. Fig. 17 shows the transient waveforms when
the system is changed from the operation shown in Fig. 15
into the operation shown in Fig. 14. It can be observed that the
voltage and current waveforms of the three units are similar,
confirming the proposed method of current sharing among the
units.

Figs. 18 and 19 show the steady-state waveforms and transient
waveforms, respectively, when one of the compensators is dis-
engaged from the system. The three currents are shared equally,
due to the daisy-chained transformers. The results shown that
the voltage supplying to the loads can still be regulated at 205 V,
confirming the function of supervisory control and the service
continuity of the proposed MSVC structure.

Figs. 20 and 21 show the transient waveforms when |v;| is
changed from 220 to 245 V and from 245 to 220 V, respectively.
Fig. 22 shows the transient waveforms when |v,| is changed

L

rwwwwWMwMWMw@MWmeMmemmhg

B

i

Chil 10.0AQ Ch2[ 10.0AQ Ma00ms A Cha 7 0.00V
Ch3[ 10.0AQ @ S00V |

4-—vs
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Fig. 22. Transient waveforms when |vs | change from 220 to 245 V and one
of the units is disengaged (Timebase: 400 ms/div). (a) v; (100 V/div), vy
(100 V/div), v3 (100 V/div) and vy, (500 V/div). (b) i1 (10 A/div), i2 (10
A/div), 23 (10 A/div) and vg (500 V/div).

from 220 to 245 V and one of the units is disengaged. Fig. 23
shows the transient waveforms when |v, | is changed from 245 to
220 V and one of the units is disengaged. The three currents are
almost the same even under voltage transient. The results show
that the voltage supplying to the loads can still be regulated at
205 'V, confirming the voltage disturbance rejection ability of
the system and the service continuity of the proposed MSVC
structure. The experimental results also confirm the stability of
the global system, as discussed in Section III.

VI. CONCLUSION

The concept of the MSVC architecture has been presented
in this paper. It can enhance the service continuity and flex-
ibly increase the power rating of voltage regulator in power
systems, and has an advantage of high modularity, scalability
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Fig. 23.  Transient waveforms when |vs| change from 245 to 220 V and one
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(100 V/div), v3 (100 V/div) and vy (500 V/div). (b) i1 (10 A/div), is (10
A/div), i3 (10 A/div) and vg (500 V/div).

and adaptability. Detailed mathematical treatments and mod-
eling have been presented. The stability of the MSVC system
with different number of engaged units and under wide para-
metric variations is also confirmed by conducting Monte-Carlo
analyses on MATLAB. A 3-kVA series voltage regulator test
bed with the MSVC concept has been built and evaluated. The
system has also adopted a supervisory control. The experimen-
tal results show that the load current is shared among each unit
equally and the load voltage is tightly regulated.

APPENDIX
A. Derivations of (2) and (3)
By applying the Kirchhoff’s current law

_ |US|
|Z1|

|Ux|

“(=6) - 121

L(ge—0). (A
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The apparent power .S, handled by the MSVC is
, V] s v 2
Sy = . = ————2Z(¢s +0) — 20 (A2)
L |ZL | (¢ ) ‘ZL |
where ¢7 is the conjugate of 7y,.
Thus
P 1 P S 2)
’ 1ZL| ‘ 1ZL|
|UZH7)S| | z|2 .
= e + 0 sin 6. 3)

B. Proof of (4) and (5)

Based on Fig. 2, by applying the Pythagoras’s theorem and
the sine rule

0,2 = [Jog | cos(@@)]? + [[og] + fog | sin(ad)]
[ve| = V]vs|2 — (Jup] cos0)? — |vug|sin(ad) for Case T
(A3)
and
[vs* = [lor|cos(af)] + [~[vs | + |vr|sin(ad)
lv.| = —v/|vs|2 — (Jvr|cos0)? + |ug | sin(af) for Case II.

(A4
By generalizing (A.3) and (A.4)

vs| = Ki[V]vs]? -

Based on Fig. 2, after applying the sine rule

(lvr| cos0)? — |vg | sin(aB)]. 4)

vz | _ |vs |
sin(ag,)  sin (90° + o)
0
¢ = asin”! (%) for Case I (A.5)
Vs
and
ool
sin(—ag,)  sin (90° — af)
¢s = —asin”! (W) for Case IL. (A.6)
By generalizing (A.5) and (A.6)
¢r = Kpasin™ <|UL||;7S 0) . (5)
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