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Dynamic Extension Algorithm Based Tracking
Control of STATCOM Via Port-Controlled
Hamiltonian System

Yonghao Gui, Member, IEEE, Chung Choo Chung, Member, IEEE, Frede Blaabjerg, Fellow, IEEE,
and Mads Graungaard Taul, Student Member, IEEE.

Abstract—A novel passivity-based control strategy is proposed
for the exponentially stable tracking controller design of static
synchronous compensator (STATCOM) system, which is a single
input and single output. The STATCOM is not an input-affine
system but a special port-controlled Hamiltonian system form.
Hence, it is regularized by using a dynamic extension algorithm
so that the proposed tracking control strategy is designed in an
input-output linearization framework with a bounded solution
to the driven zero dynamics equation. The proposed control
strategy is proposed with consideration of the performance and
stability of the input-output linearized dynamics. Simulation
results show that the proposed control strategy improves the
transient performance of the system compared to the previous
results even in the lightly damped operating range.

Index Terms—STATCOM. dynamic extension algorithm,
input-output linearization, port-controlled Hamiltonian, expo-
nentially stable.

NOMENCLATURE

System Variables
! Parameters and state variables with an apostrophe
represent the per-unit values

a Phase shift angle by which e, . lead V.

w Angular speed of the fundamental frequency voltage
component

Wy Angular velocity at the system nominal frequency

C Dc-link capacitor

eq.pc Converter voltages

iape  Three phase currents flowing through the lines

igc,Vae Dc-link current and voltage

Iy,1;  Active (d-axis) and reactive (g-axis) currents

k Factor relates the dc-link voltage to the maximum
amplitude of e,y

L Leakages of power transformers

R, Switching losses in the system
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Ry Conduction losses between the transformer and the
inverter

Vape Line voltages

Control Variables

a Subscript ’a’ indicates extended system’s variable

d Superscript ’d’ indicates desired value

e error

f,g,h Smooth funcitons

H Hamiltonian function

U,X,Y Input, state, and output sets
x,x(t) System state
y System output

I. INTRODUCTION

OWER converters are widely used in various applica-

tions such as flexible AC transmission systems (FACTS),
renewable energy sources, and microgrids [1]-[5]. Static
synchronous compensator (STATCOM), which is typically
based on gate turnoff thyristors (GTO), are popular devices
in FACTS and can improve the power quality and enhance
the voltage stability by injecting or absorbing reactive power
in the grid [6]-[8]. Compared to pulse-width modulation
STATCOMs, it has a limited control input, phase angle, at
which the STATCOM output voltage leads the bus voltage [8]—
[10]. In this paper, a GTO-STATCOM using multi-pulse tech-
nology is studied due to its lower losses and lower harmonic
contents [8]. For this type of STATCOM, there is little phase
margin and/or lightly damped internal dynamics when using
the input-output linearization (IOL) control strategy [8], [11]-
[13].

To overcome these problems, various controllers have been
proposed with the consideration of the system’s characteristics.
Schauder and Mehta designed a synthesized feedback control
strategy using a proportional-plus-integral (PI) controller to
obtain an improved phase margin in the inductive operating
mode [11]. Petitclair et al. designed an IOL controller with an
additional damping term for the STATCOM system, where
the oscillation amplitude of the internal dynamics (dc-link
voltage and active current) is effectively decreased [12]. Re-
cently, Han et al. proposed an IOL with modified damping
(IOLMD) controller to enhance the performance and stability
of the active current and dc-link voltage dynamics with a
nonlinear gain [14]. Due to the modified damping of the



IOLMD control strategy, we can move the eigenvalues of the
internal dynamics further away from the imaginary axis [15].
Additionally, to guarantee that the damped internal dynamics
is semi-global exponentially stable, the sufficient conditions
were investigated through a parameter-dependent Lyapunov
function [16]. In [17], a nonlinear control based on feedback
linearization was proposed to provide better controllability
and performance. Although these methods improve the perfor-
mance, they are sensitive to uncertainties [18]. Furthermore,
unexpected oscillatory performances appear in the dc-link volt-
age and active current when the STATCOM system operates in
the inductive mode, where it includes lightly damped internal
dynamics.

To overcome these issues, a passivity-based control (PBC)
strategy was developed with the consideration of the dissipa-
tion of STATCOM system [19]-[23]. PBC has a robustness
feature and has been used in various applications such as
power converter, electro-mechanical systems, and mechanical
systems, etc. [24]-[29]. In [22], the PBC with nonlinear
damping is designed for the STATCOM to improve its per-
formance compared with the IOLMD. However, the controller
was designed based on an assumption that the input is to be a
small value within its operating range. It will lose the stability
in the whole operating range. To overcome such problem, a
controller should be proposed to obtain an improved transient
performance and robustness of the system based on a non-
approximated model.

In this paper, we propose a novel tracking control strategy
for a STATCOM based on port-controlled Hamiltonian (PCH)
system without an approximation. The proposed tracking
controller guarantees the exponential stability of the closed-
loop system through the properties of the dissipation and
the interconnection structure. The most critical problem of
the STATCOM is that it does not have a flat output. If a
system has a flat output, a tracking controller for the desired
output trajectory can be obtained from the flat output and
its derivatives. However, when a system does not have a
flat output and is an irregular system, some auxiliary state
variables are added into the system in order to regularize it.
This is helpful for obtaining a relative degree under some
assumptions. Furthermore, if a relative degree of a system is
well defined, where the system is not input-affine, then the
internal dynamics will include the control input; that is not
helpful for guaranteeing stability when the control input does
not go to zero at infinite time [18]. For this type of system, the
system is first regularized via the dynamic extension algorithm
(DEA) method to make sure that it is changed into an input-
affine system. Then, for the dynamics extended system that
has a relative degree, it is treated within the framework of
dynamic feedback linearization. The tracking control law can
be generated with a bounded solution to the driven zero
dynamics equation [30]. Finally, we can expect the output of
the system with the proposed control strategy will track the
trajectory that has been generated.

Consequently, the main contribution of the paper is summa-
rized as follows:

1) A new framework for a STATCOM, which is a single

input single output PCH system with a special form,

T > coic Ry Ly,
R VOLTAGE

|2

— SOURCE

Line
impedance

CONVERTER

Grid

Fig. 1. Equivalent STATCOM circuit using a voltage source converter.

to design an exponentially stable tracking controller is
introduced;

2) The stability of the internal dynamics of the STATCOM
after using the dynamic extension algorithm (DEA)
method is analyzed;

3) The proposed tracking controller guarantees that the
origin of the system error dynamics is exponentially
stable by using the properties of the interconnection
structure and the dissipation.

To validate the proposed method, we modified the demo model
of Simcape Power Systems toolbox in MATLAB/Simulink,
namely the “£100 Mvar 48-pulse GTO STATCOM”. We mod-
ified the parameters and structure to accommodate +100 Mvar
24-pulse STATCOM connected to a three-bus 345-kV, which
was installed and has been in operation since 2009.

II. MODEL OF STATCOM SYSTEM

In this section, we introduce a STATCOM system to im-
prove the power quality and enhance the voltage stability.

Fig. 1 shows an equivalent circuit of a STATCOM, which
is connected to the transmission line through inductances in
series. Consequently. a state-space model of the STATCOM
system on the d-g frame could be represented as follows [11]:

= f(x,a)
R;wh kay, Wy ./
I () 7 cos(ax) ——|V
3 X1+ x2+Lx3 (a) L‘ \
R.w ko,
= —ox] — 2—,bx2+L—,hx3 sin(et) |
3 ’ 3 , ,C
—=kC wpx) COS((Z) — —kC wpx> sin(a) — L,x3
2 2 Rp
y= h(x) = X2,

)

! ! I T .
where x =[x x; x3]T = [Id 1, Vdc] . o € R is the control

input. Here f: R® x R — R? is a sufficiently smooth function.
An apostrophe in the parameters and state variables represents
the per-/unit value. The factor k is a constant in this system.
When /, is a positive value, the STATCOM system operates
in an inductive operation mode, i.e., it consumes the reactive
power. When I; is a negative value, it operates in a capacitive
operation mode, i.e., it supplies reactive power to the power
network. In this study, the operating range of the STATCOM
system is —1 pu <x; <1 pu.



III. CONTROLLER DESIGN BASED ON PORT-CONTROLLED
SYSTEM

In this section, firstly, the DEA method is used to regularize
the system. Then, the proposed control strategy is designed
with the consideration to the stability of the linearized dynam-
ics. Moreover, the stability of the system is analyzed. Finally,
we guarantee that the close-loop system is exponentially stable
via the PCH method over the whole operating range.

A. Port-controlled Hamiltonian (PCH) systems [29]

Let x € R" and u € R denote the state vector and the input,
respectively. Consider a SISO system described in the state-
space model as follows:

X = f(xu)

2

y =hx), @

where xe X CR", uc UCR, and y €Y C R are the state

vector, the input, and the output, respectively. The functions

f(,): X xU —R" and h(-) : X — R are sufficiently smooth

in the open connected set X. Suppose that (2) satisfies the
following PCH system such as

JH (x)

f= (R 3) 55

+Gu), 3)

where
L 7 T
H(x)= 7% Sx, §=8" >0,
R=nR" <0, 37 (u)=—-J(u).
Here, the matrices S and PR are constant n X n matrices. R is
the dissipative forces in the system, J(u) is the conservative
forces, and G(u) is the energy acquisition term [25].

Theorem 1: Suppose that there exist signals u(r) and x%(t)
that satisfy the PCH system in (3):

dH (x4)
ox?
If u=u is applied to system in (3), then the tracking error
dynamics becomes globally and exponentially stable. Namely,
Tim || 2#(1) —x(r) [|=0. 0
—yo0
Proof: Let x(t) € X C R" be the trajectory of (3)
corresponding to an input, u = u? € U C R, such that
JdH (x)
i — (R d )
* ( +30) dx
In general, x*(t) and x(¢) are different signals due to their
different initial conditions, even though they satisfy the same
PCH system in (3). If we define the error as e := x—x, we
can obtain the tracking error dynamics as follows:
dH(e)
de '’
where H is defined in (4), If we use H(e) as a Lyapunov

function candidate, then derivative of H(e) with respect to the
time is given by

) ()

= el STRSe.

“4)

= (ms(ud)) +Gu?). 5)

+G(u?).

e=x1—x= (m+3(ud))

Here, S = ST+ 0 and | < 0, thus, the error globally expo-
nentially converges to zero. Hence, tlLrg | x4(r) — x(¢) ||= 0.
]

Remark 1: It should be noted that the control strategy
proposed in Theorem 1 is an open-loop controller that takes
the advantage of the strict passivity of a PCH system. O

B. Desired control input for STATCOM system

If the STATCOM system in (1) is a flat system, we can find
flatness references from the flat outputs. However, since the
output of this type of STATCOM does not satisfy the flatness
condition, it is necessary to find a desired control input in
order to apply Theorem 1. In this study, a new state and a
new input are defined as follows:

X4:=sino, u:=d0q. (6)

Then, the STATCOM system in (1) could be represented such
as

Xa = fa(xa) +ga(xa)u

7
y:hu(xu), @

where f,(x) and g,(x) are smooth vector fields, and h,(x) is
a smooth function defined on an open set Q, € ]R4, and

— R;(Db k(l)b \/72 (O -
— —X1 + @0x2 + ——X 1—x —7,V
T 2+ s i— IV

® R;(Db n kay,
—0x] — =2 xp + —2X3x.
falxa) = G
3 4 3 4 w,C
_ikC wpx14/ 1 —xﬁ — ikC WpX2X4 — Rfi/p)g
L 0 |
T
8a(Xa) = [0 0 0 /1-x3| » ha(xa) =22,
T

T / / ! .
xaz[xl X2 X3 x4} =\l Iq Vie sina

For the system in (7), we have

dh,
=(0100
e =0100).
Lohy(x,) =0,
R.o, ko
thll('xa) = —0x; — 2/ b-xz + T/bx}x‘h (8)
8(tha) R'sa)b kay, kay,
= - - 7 X4 —7 X3,
0x, L L L

ko,
LoL¢ha(xq) = L—,bxm/ 1 —xﬁ.

Hence, the relative degree of the STATCOM system is two in
R*. In order to establish a normal form, we set

71 = (Pl (xa) = ha(xa) = X2,

/
R . wy, kay,
22 1= 2(¥a) = Lrha(xa) = —0x1 — =5 + =7 x50,

€))




We look for two functions ¢3 and ¢4 such that

adhga()ca) = % 1—)&:0,
x4 0x4 (10)
94 _ ¢y B
ox, 8a(Xa) = TM =0.
Two new variables could be defined as follows:
3= 03(xa) = X1, 24 1= Pa(xa) = X3. (11)

A transformation can be defined by using (11) and the previous
two functions in (9) as z = [zl 23 z4]T = ®(x,). Its
Jacobian matrix is

0 1 0 0

Rw, ko ko,
IP — |~ - b /bx4 7/b-X3 (12)

ox L L L :

a 1 0 0 0

0 0 1 0
Remark 2: Notice that, (12) is nonsingular in the whole
operating range since x3 = z4 # 0. O

Consequently, ®(x,) is a local diffeomorphism [18]. The
inverse transformation could be obtained such as

/
R0
22+ 03+ A/[’Z1

ko,
LEUP

X1 =24. X2 =21, X3=123, X4=

(13)

The STATCOM system can be described in the new coordi-
nates by

=22
Z22 =b(z)+a(2u
R/(U kay, Qp ./
23 i i 7 24e(z) 7 V| (14)
= ko ( )—ékC/a) (z) — 2
4= ) 234 c\2 3 2195\ R;,

R, w, ko p,
b(z)=—w| —— [0) ; —|V
(2) 3 L3+ 0z + T Z4qc() 17 \ )

R;(Db kay, 3
- (z2)+ qu(z} (2kC 023q.(2)
3 ’ [Q) C,
— 2kC @y7195(2) — 224
2 R,
kay,
a(z) = 77 44qc(2), qe(z) = /1 —q5(2)?,
22+ w3+ @m
45\2) = T
24

If we give the desired output, z‘li, then we can calculate the
other desired states based on the system dynamics in (14) in
the new coordinates such as

4=%
. R_/(L) ko, ()3
H=- o + 0 + 7 z4 c(zd)—?|V| (15)
. 3 4 3 4 (D],C
= —3kC wpzige () — SkC pzdqs(z4) — 7 ==,
P

where
d d kwh d
2y + 0)13 + Zl
‘Ic(zd) =y/1 _QS(Zd)za Qs(zd) = ko, d
I

Thus, the desired input can be obtained based on (14) and (15)
as follows:

¢ b)) +v
wl= = (16)
where
v=#—Ki(z1 - ) - K (a1 —2). (17

Remark 3: z‘li is generated by the 5t profile, K; > 0 and
K> > 0. Notice that a(z ) # 0 for all operatlng pomts this is
the case because z4 = x4 # 0 and g.(z¢) = cos?(a?) #0. ¢

C. Stability analysis of internal dynamics

In practical systems, the global Lipschitz hypothesis for
the zero dynamics is a strong assumption [30]. Although
Lipschitz condition of zero dynamics for the STATCOM
system is shown in [15], the bound of the states of internal
dynamics is directly presented by using Lyapunov theorem in
this subsection. To simplify analysis, the equilibrium points
are moved to the origin:

%=1 ~zio, (18)
where i = 3,4, and z;, are operating points. We take a

Lyapunov function candidate, as follows:

1 1
Vi = §z§+ Tk C,zﬁ. (19)
The time derivative of (19) can be obtained.
. 20 ) 20 R s Op ~2 R sDOp
Vine = — SLR;, 2y — 3LR/ 24, 04— I/ i3 — I 13, 023
ka)b ~ ~
- ch(zd) (23,024 — 24,023) (20)
ka)b - Wp /s
iRt 0qs(2) i+ @z 73 — ?IV |Z3.

Assumption 1: For simplicity of analysis, we assume that
there exists 6 such that 0 < 6. <6 <1 and —0 <6, <6 in
the operating range.

ge(z) =1-6.. q,(z%) =6, 1)

O

Assumption 1 is acceptable in this paper, because the

magnitude of « is sufficiently small in the operating range.

In addition, g.(z%) is the cosine of a? and g,(z?) is the sine
of a?. Thus, (20) can be rewritten as follows:

- 20p , 20, ko, ko
Vi = — - 00+ 230 | 2
T A <3LR/ o T a0 TS | 2
/
R,wp R‘ wy k (!)b o\ L
k(x)b » B
+t5r 0c(23,0%4 — 24,023)-

(22)



We assume ¢(z,) = 1— 6., and ¢5(z,) = 65, , which allows
us to obtain two equality equations from (15) as follows:

/

3 4 3 4 w,C
0= _*kc wa3,0(1 - ec‘o) — —kC wbzl,oes.o - L/Z4,o
2 R,
R ) ko, Wy,
0=-— I hZ3o+ T/bzém(l - ec.o) - f{)‘v |7
(23)
Consequently, (22) can be represented such as
. 2w,  3kR, . .
Vi = _ﬁ(&l - Tp(eszl,o + 60Z3,0))2
— — 0.z (24)
L ( 3+ 2Rs 024,0)
3K2R @) - - Koy, -
P 2 b 52 2
—— (6 Oc T .
+ 3L ( 21,0+ Z3,0) +4RSL c <40
Thus, Vi, is negative in the set {Z : |z > (1 +
kR, -
)F( )Z4 o} N |Z4| > ( + 8) (Gszl,o + GL‘Z3,())’ where
N
0, =6,— 6,0, 0. =6.—6,,, and £ > 0.

D. Port-controlled Hamiltonian form for STATCOM

If we take a Hamiltonian function for the STATCOM system
in (1) such that

1
H(x) = 5xTSx (25)
where
1 0 0
s— [0 1 (2) 7
0 0 —=
3LC
then the STATCOM system in (1) is changed into form in (3),
JH
i (R+3) HY 4 (26)
dx
where
R;(x)b
L 0 0 ~ Oy
0 3w,LC? 0
2R,
3
0 0] ~kC awycos(cr)
J(o) = ) 0 EkC/a),, sin(a)
f%kC/a)bcos((x) f%kC/wbsin(a) 0

Thus, we design a desired input based on (6) and (16):

t
d:/ ul (t)dt,
0

which satisfies the dynamics in (5). If o = a is taken for the
STATCOM system, then the closed-loop system is exponen-
tially stable based on Theorem 1. The whole procedure of the
proposed control strategy is illustrated in Fig. 2.

27)

1
Reference Desired |, ¢ Ty Firing Pulses| | r !
; 4
guncratlon > input - G » STATCOM| !
H 1
Zl 71 generation S i enerator i :
§

A

1
|
|
|
|
|
|
|
|
|

Filtered !
Measurement 4—l i1 q
‘. Proposed method

Fig. 2. Controller block diagrams of the proposed method.

Start

‘ Determine desired reactive power %

Nz N2
; Measure AC current, bus ||| Calculate reactive current
voltage reference
Filtered Define 5" order reactive
measurement current trajectory

| |
\I/

N4
|D1ﬁ°erentlate z; &I, to obtain ',

Trajectory generator

d _d
Obtain z{,z{,z

based on Eq. (15)

L

| Obtainu’ basedon Eq. (16) |

Obtain v
based on Eq. (17)

Proposed method

‘Integrale u” to obtain a'in Eq.(27) ‘
I

N4
‘ Firing pulses generator ‘

Inject reactive power to the
grid from STATCOM

4Yes‘ Continue regulating previous
reactive power
No.|
‘ Inject different reactive power

No
Stop

Yes

Fig. 3. Flowchart of the proposed control strategy.

E. Flowchart of the proposed control strategy

An exemplary flowchart of the proposed control strategy
is shown in Fig. 3. The proposed control strategy process
begins at start. Regarding the desired reactive power, Q,,,

the reference of I I qgref+ 18 calculated via 5" order trajectory.
The line currents and bus voltages are meausred and ﬁltered
according to a desired samphng time. Then, z‘f, Z1, I are

obtained by differencing zl and Iq. The new feedback term, v,
is calculated by using (30), and the other states are calculated
by using (15). The actual control input, & is calculated via
(27). The STATCOM generates the reactive power to the grid
through the firing pulses generator. Finally, if the STATCOM
system generates the same Q;e - then it regulates the previous
reference. If the STATCOM continues to inject a different
amount of Ql, then the process returns to the determination
of Q/,ef. Otherwise, the STATCOM control is deactivated.



Line 1_200km Bus3 TABLE I
STATCOM SYSTEM PARAMETERS.

Busl

Line 2_75km Bus2

Parameter Value Unit pu
AC voltage 345 kVir 1
345KV Joad 345kV Rating 100 Mvar 1
8500 MVA 300 MW 0500 MVA R, 4.8 Q 0.0071
) Ry 1.7 kQ 727.5846
Subs:mon C 0.4 mF 278
= L 269.5 mH 0.15
= 1 1 k 0.6312
- - ® 25760  rad/sec

Fig. 4. Studied system with £100 Mvar 24 pulse STATCOM.

TABLE I
CONTROLLER GAINS USED IN THE SIMULATION.

IV. PERFORMANCE EVALUATION

Method Values
We executed simulations to validate the effectiveness of the PI Kpy, = 10, Kjp,, =20
proposed control strategy in terms of the parameter uncertain- IOLMD | Kp,, =4000, Kjp = 100, Kg = —0.03
PCH K, =500, K, = 8000, K3 = 100

ties by using a switching model of the converter with simple
switch models in Matlab/Simulink and Simscape Power Sys-
tems. Fig. 4 shows the test system, which is constructed based
on a £100 Mvar 24 pulse STATCOM generating/absorbing
reactive power in a 345-kV system. The system parameters
tested in the simulation are listed Table I, and the parameters
of the transmission line could be referred in [22]. The control
specifications of I:] are as follows: the settling time is less than

/

1, oy is changed from —0.8 pu to 0.8 pu, we observe that the

performance of I; with all three methods are similar, as shown
in Fig. 5(e). However, Figs. 5(d) and (f) show that the proposed
control strategy indicated by the red dash-dotted line (PCH)
has a smaller overshoot and faster convergence that other two

. methods because the proposed control strategy considers the
16 ms, the overshoot is less than 0.1 pu, and the steady-state prop &y

tem’s inherent ivit ty at this lightly d d
error is less than 0.05 pu. In this study, the operating range of Systethl s IHRCTENt passivily property at s Hghtly campe

) . > operating point.
I, ey 1s from —1 pu to 1 pu. The proposed control algorithm

ig compared to the PI and IOLMD methods, where the PI
method is designed as follows [11]: B. Robustness performance )

; In this case, the magnitude of the network voltage V' was

o = Kp,, (x5 —x2) + K, / (x5 —x2), (28) assumed to vary within the range of 95%—-105% with regards

0 to the power system conditions of the Korea Electric Power

where xj is the reference of xa, and Kp,, and Ky, are the Pl  Corporation standard [14], [22]. V' was 1 pu from 0.5 s to

controller gains. In addition, the IOLMD method is designed (.8 s, and decreased to 0.95 pu at 0.8 s, where maintained

as follows [14]: 0.95 pu within 0.3 s. Then, it stepped up to 1.05 pu at 1.1 s,
X L {V10L+ wx) + % + Ky (xz — %)@) (xl)}

kawyxs

o =sin_

)

29 z

=

d

where

t
vior = Kep, (55 —x2) + iy, /0 (5 —x2),

where Kp,, and Kj,,, are the PI controller gains, and Kjoy is
the damping gain. In addition, it should be noted that, in order
to remove the offset when there exist model uncertainties, an
additional integrator term is added into the proposed method
in (30) such as

1, (bu)

t
v=2 Kz - #) — Ka(z —zﬁ’)—sto (@—2).  (30)

Vi (Pu)

A. Tracking performance 05 055 06
. . Ti

Figs. 5(a), (b), and (c) show the transient response of “(‘5‘3 ®
the system in capacitive mode when I, is changed from ) ) ,
0.8 pu to —0.8 pu. We observe that the performance with all ~ Fig. 5. Transient responses of the STATCOM system (a) Iy, (b) ;. () Ve
three methods are similar in this operating range, where the =~ When /. is changed from 0.8 pu to —0.8 pu, and (d) Iy (€) 1. (f) Vs when

STATCOM system has large damping analyzed in [22]. When  /qes i changed from —0.8 pu to 0.8 pu.
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and went back to 1 pu at 1.4 s, at substation A under a modified
transmission network.

Fig. 6 shows the performance of the STATCOM when it is
working in the capacitive mode. All three methods have the
similar performance because the system has enough damping.
Fig. 7 shows the performance of the STATCOM when it is
working in the inductive mode. In addition, Figs. 8 shows the
voltage when the system is working in the capacitive and in-
ductive modes. At the lightly damped operating point, the time
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Fig. 8. Voltage at bus 1 (B1) when V' varies in the range of 95-105%. (a)
Capacitive mode; (b) Inductive mode.
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Fig. 9. Results of & when V' varies in the range of 95-105%. (a) Capacitive
mode; (b) Inductive mode.

response of the proposed control strategy is slightly improved
compared to that of the IOLMD and PI methods regarding
to the network voltage variations since the objective of the
proposed control strategy is designed without considering the
improvement of the performance when the network voltage
varies, but instead aims to regulate I,;. In addition, Fig. 9
shows the corresponding o of the proposed control strategy.
We can expect that the performance could be improved with
an additional nonlinear damping studied in the future.

We also tested the proposed control strategy in the pres-
ence of the variation of capacitance of the dc-link capacitor,
which will change after a certain time. It is assumed that
the capacitance is decreased to 70% of normal value. In
this case, we tested the proposed control strategy only in
the inductive operating mode, where the system has lightly
damped dynamics. From Fig. 10(b), the tracking performance
of 1, with the proposed control strategy is slightly depressed.
However, dc voltage and active current converge their operat-
ing points faster than the IOLMD. In addition, we also tested
the proposed control strategy in the inductive operating mode
when there is £30% of R, parameter variation in the control
implementation, as shown in Fig. 11. It can be observed that
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the performance with the proposed method is not affected by
that parameter uncertainty. Consequently, we can conclude that
the proposed method is robust to the parameter uncertainties.

Finally, we test a severe disturbance which occurs at sub-
station A. At 0.5 s, the grid voltage decreases from 1.0 pu to
0.7 pu, and the disturbance is cleared after 2 cycles. Fig. 12
shows that the voltage cannot get back to 1.0 pu due to the
limit of STATCOM capacity. The proposed control strategy is
working well even the severe voltage occurs drops to 0.7 pu,

L pe (PU)

®)

-
T

0.5 0.55 0.6 0.65 0.7

Time (s)
[

Fig. 12. Performance of the system, (a) voltages, (b) currents, and (c) output
reactive power in a severe disturbance.

and goes back to its nominal value when the disturbance is
cleared.

C. Experimental validation

The effectiveness of the proposed method was also validated
by using a prototype experimental setup as a three-phase
7.5 kW voltage source converter (VSC) system, as shown in
Fig. 13. We used a 6 mH L-filter to emulate the leakages of
power transformers L. A grid simulator was used to support
200 V RMS grid voltage. The control strategies were imple-
mented in the DS1007 dSPACE system, where the reference
signal was modified in the ControlDesk. The grid voltages and
the line currents were measured and sent to the controller by
using a DS2004 A/D board. Finally, the switching pulses of the
VSC were generated by using the DS5101 digital waveform
output board. For over-voltage protection, a dc-chopper with
a controllable brake resistor was included on the dc-link. It
should be noted that all three methods are implemented in the
PWM VSC, where k was set to a constant in order to emulate a
multi-pulse STATCOM, since the phase shift transformer was
not applicable in the lab. It is an acceptable way to validate
the control strategy since the transformer is not an important
part of the solution, but the control part is the important
contribution in this paper.

Fig. 14 shows the measured performance when I, ,ef is
changed from —0.8 pu to 0.8 pu, it can be observed that
the performances of three methods has the similar tendency
compared with the simulation results in the capacitive mode
(e.g., Figs. 5(a), (b), and (c)), since the damping of the system
is increased due to the larger resistor of L filter and larger
capacitance of dc-link capacitor, which are helpful to damp
the oscillations in I; and V,. even in the inductive mode.
In addition, Fig. 15 shows the measured performance when
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Fig. 13. Experimental setup at the Aalborg University.

the grid voltage is changed from 95 % to 105 % and I(; is
regulating 0.8 pu, and it can be observed that the experimental
results have a similar tendency with the simulation ones.
Fig. 16 shows the measured performance of the proposed
method when there is 70 % of C parameter value in the control
implementation. Compared with the result shown in Fig. 14(c),
the performance with the proposed method is not affected by
C variation in the control implementation since eq. (26), which
relates to the physical system, does not change.Consequently,
it is expected that all methods can operate in multi-pulse
STATCOMs, and an enhanced performance can be achieved
using the proposed PCH method.

V. CONCLUSIONS

We have introduced a tracking control law for a STATCOM
system which is a special PCH form. The DEA method was
used to regularize the system, which is a non-input-affine
system to obtain the desired control input. The effectiveness
of the proposed control strategy has been compared with
the IOLMD and PI methods through simulations with power
electronic devices and driving characteristics using Simscape
Power Systems, MATLAB/Siumlink. From the simulation
results, the proposed control strategy improved the transient
performance of the system even in the inductive operating
mode, where it has the lightly damped dynamics. Moreover,
the proposed control strategy is robust against to the pa-
rameters uncertainties. Additional feedback damping will be
designed to handle parameters uncertainty and/or disturbances
in the future.
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