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ABSTRACT

The voltage dip is a short-term reduction, or complete losing of, RMS voltage. This paper oriented the
modeling and the function of compensating for voltage dip. The mitigating voltage dips by using STATCOM
for low voltage grid is studied. STATCOM will be designed using dual-vector regulator for mitigating voltage
dip. The various system parameters also will be tested in the simulation model with dual vector controller. The
simulation results with step responses in Matlab/Simulink and in PSCAD/EMTDC will be presented.
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1-INTRODUCTION

The dynamic behavior of STATCOM is important since the load will not maintain the normal operation if it
exposed to voltage dip. Thus, the response time of dip detection and voltage compensation must be short. In
order to meet requirements, the dual vector controller is used in STATCOM in this work. The arrangement of
STATCOM with a concept of the dua vector controller is exposed in Fig.1. The dua vector controller is
composed of two vector controllers, which are vector current controller and vector voltage controller. The
vector current regulator operates as inner control loop, which controls current through filter.
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Fig.1. Circuit diagram of STATCOM with dual vector controller.

As aresult, aproper reference of voltage out from Voltage Source Converter (VSC) is achieved. The
vector voltage regulator is executed as outer control loop, which tracks the reference load terminal
voltage to realize voltage dip mitigation. Both controllers are implemented in the synchronous
reference frame, also called d-q frame. Therefore, the three-phase voltage and current vectors as like
dc values in steady state [1]. The DC quantities can be easier controlled, and the steady state error
nullified by using Pl-controller. Flux-oriented transformation between stationary o-f frame and
rotating d-q frame are used for both controllers. Thisis described [2] Between the VSC and the grid,
an inductor isinserted as afilter (L-filter).

The basic idea of vector current regulator is that the current through the filter is controlled and this
results in instantaneous active and reactive power exchanged between VSC and grid will be
controlled separately. The active component and reactive component of currents will be controlled
separately since the d-g coordinate system is used in controller. Deadbeat gain [2][3] is used in
vector current controller to achieve a high dynamic performance of the STATCOM.
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Fig.2. Blocks diagram of vector-current controller.

As the vector current controller is executed in a computer, the control functions are discrete, and the
inputs and outputs of controller which are sampled with a constant sample frequency. The sample
freqguency may be equal or several of switching frequency. The block diagram of controller is
displayed in Fig.2.

In vector current controller, the grid voltages and filter currents are inputs to controller. They are
sampled at sample frequency and transformed into complex reference frame called a-f frame, then
transformed into the rotating d-q frame. The d-axis of this frame is synchronized with positive-
sequence fundamental content of grid-flux vector.

Therefore, positive-sequence voltages and currents with fundamental frequency become constant
vectorsin the d-g frame in steady state. These dc-quantities are used as inputs to PI-controller, which
is implemented to control and reduce steady state error. The outputs of PI-controller are transformed
from d-q frame into the o-f frame, and then transformed into the abc-coordinate system. In order to
extend the output voltage range of the converter [14], a zero-sequence component is added to these
three-phase quantities in the OPT block (optimized PWM is used). The outputs of OPT block are
used as reference voltage for PWM function of V SC.

2-SYSTEM MATHEMATICAL MODEL

The streamlined circuit of a grid-connected to VSC is displayed in Fig.3. The grid and VSC are
modelled as two three-phase voltage sources and L-filter, one in each phase, is in series connected
between them. The phase currents through the filter are denoted asii(t), i»(t) and is(t). The voltage of
phases of grid are denoted as v;(t), vo(t) and vs(t). The phase voltages of VSC are denoted as us(t),
ux(t) and uy(t). The equivaent inductance and resistance of the L-filter are denoted as L and R,
respectively.
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Fig.3. The streamlined circuit-diagram of a grid-connected VSC.
The Kirchhoff voltage law will be applied to circuit in Fig.3. The differential three-phase system

equations are;

uy(0) = vy () + i, (OR + 1722 (1)

Uy (§) = v, (8) + (DR + L222 @

us() = v3(0) + i (OR + L2220 ©)

The instantaneous grid voltages equal:

v(t) = ﬁlf’cos(mt) 4
2 2 .

vy(t) = J; Veos(wt — ) )
2 4 .

v3(t) = J; Veos(wt — 5™ (6)
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Where V is phase-to-phase rms voltage, and  is grid angular frequency.
The three-phase system in Egs. (1) to (3) will be expressed in the a-f frame as:

ua(®) = v, (0) + i (OR + L2 @)
up(®) = v5(0) + i (OR + L ‘“ﬁm (®)
Equations (7) and (8) can be written as continuous state space equations:
2O = ax(2) + Bu(t) 9)
y(t) = Cx(t) + Du(t) (10)
The system state space equations in a-p frame can be written as:
dig(t) R . 1 1 alt)
a |_|7z O [za (t)} : 0 71 O lwm (12)
aiglt) a R|lig (t) o X o 1|V
dt L L LIfvgy

Equations (7) and (8) also can be written in vector notation:

w @ (1) = v @B () + i@ (R + [ H ” {ﬂ (12)
Where:

u @A (£) = u, (1) + jug (t) (13)
v @ () = v, () + jug(t) (14)
iFI(t) = i (t) +jig(£) (15)
Equation (12) can be transferred into d-q frame by using a-f to d-q transformation giving:

149D (¢) = @D (1) + {@D()R + Li'&) 4 jwLi@ (£) (16)
Where:

w49 (£) = uy () + ju, (£) 17)
v (£) = va(£) + jv, () (18)
i4(e) = ig(e) 1 jig () (19)
Equation (16) is splatted into two equations, representing d and g components respectively, as
wa(®) = va(® + ig(OR +L YD 1i (6 (20)
g (0) = vg(0) + ig(OR + LY 4 Li () (21)

The controller of vector-current is implemented in the computer. Thus, currents and voltages are
sampled with constant sample time Ts. The equivalent inductance and resistance of L-filter are
represented by L, and R;, which mean these are predicted val ues.

By integrating Egs.(20) and (21) from the kTs to (k+ 1) T, the equations become:

(k+1)T, (k+1)T, (k+1)T, (k+1)T dig(t)
Jer,  ua@dt = [ Tvg (Odt + [ Rydg (dt 4 [ L= de -

j{k-l-ll']‘"s

i, @ L (t)dt

(22)
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Jon g e = [y (9de 1 [ Rty @ 1 fg VL 1P |

[{k+ 1)Ts

e, @ Lyig (t)dt

(23)
Equations (22) and (23) are divided by Ts to obtain the average vaue for the sample period
kto k+1.

gk, ke~ 1) = v (k, ke + 1) + Rpiq (e, ke + 1) + 2 (ig(k + 1) — iq (k) — wL i (e, ke + 1) (24)
g, ke~ 1) = vgCle, k + 1) + Rpig(k, k + 1) + 2 (ig (k + 1) —ig (K)) — wL,iq (k, k + 1) (25)

In order to accomplish high dynamic performance, deadbeat gain is uses at the P-regulator. The error
over one sample period should be zero. For instance, the current at sample instant k+1 must equal the
reference current at the sample instant k. The reference currents are denoted as.

ig(k+ 1) = i5 (k) (26)
ig(k + 1) = i (k) (27)
Linear current variation during one sample period is assumed in P-controller, yielding:

taCek +1) = 2ig (k) + 2 i3 (k) (28)
fqU, ke + 1) =2 iy (k) + 2 iz (k) (29)
The grid voltages are assumed as constant values within one sample period.

va(k,k+ 1) = vy(k) (30)
valk, k + 1) = v (k) (31)

The VSC voltages average values, through one sample period are assumed to equal reference
voltages, which are denoted as u; and u, . Then,

ug(k, k — 1) = uj; (k) (32)
wug(k, k + 1) = u (k) (33)
Therefore, Egs.(24) and (25) could be written as:
3 (6) = valk) + Ryia(k) — 2 10 (i) — 22 52 (k) + by (53.06) — i () (34)
w5 (E) = v, (k) + Rpig(k) + %0y () + 15 () + ke (25 () — i () (35)
Where k; is proportional gain of the P-controller, in which deadbeat gain is used.

(36)

L R
Lk =Z-ry or
P TS+2

An integral term can be added to the P-controller to remove the static error, which is caused by non-
linearity, noisy measurements and non-ideal components. Therefore, the Pl-controller equations
could be written as:

L L.
UGUD) = va (k) + Rt () — 2T 1 () — 227 15 Ge) + ke (i5,(R) — e (D) + Ata )

| Aveyg (k) (37)
ULG(E) = vy (k) + Ryig(k) + wlv G+ “’2‘[”“ 50 4 Ky (15 — g (D)
| Avrg(K) (38)
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Where Au;, (k) and Au,, (k) areintegral terms of Pl-regulator. They are equal to:

Auga(k + 1) = Augg (k) + ke (i5(k — 1) — ig (k) (39)

Ay (ke + 1) = Dy (k) + k(i (ke — 1) — ig (k) (40)

where kI isthe integration constant of the controller, which equals[13]:

ky = k= (41)
ir

T, isintegral time of controller. It iswritten as:

gy = L (42)

Ry
It is well-known from Egs. (37) to (40) that, if the currents do not track the reference current values,
the integral term will force those currentsto track the reference values.
The two new denotations, used FF4 and FF4, mean the feed-forward terms while the terms Auw; 4 (k)

and Au;, (k) areintegral part of controller and they are equal to:

FFa = va() + Reig (k) =271 () = 2 ig () (43)
FFy = v,(k) + Ryig (k) + 224, (k) + ZZi5(k) (44)
The Pl-controller could be applied as a state-space equation [10] such as:

v(k) = Cx(k) + Du(k) (45)
x(k+ 1) = Ax(k) + Bu(k) (46)
Two new states, iy, and iy,, the one sample delayed reference values, are introduced to implement
the state-space equation of the controller and could be written as:

in. (k) =is(k—1) (47)

i, (k) =in(k— 1) (48)

The states, i, (k)and iz, (k), are the reference memories. They are the reference current at sample

instant k, however, they would be equal to the reference values one sample before, i.e. the reference
current at the sample instant (k-1).
Finaly, the Pl-controller state space equations could be written as:

g (k)T
Aujg(k+1)1 11 0 &k, o012uak)] 1 0 & 0 o0 o|iaCk
Aujg(k+ D o 1 0 k|2 o 1 0 k 0 of|iaCk) (49)
i+ o o o o] ik 1T 0 0 0 0 o||ligtk
inz(k + 1) o 0 o oll it 01 0 0 0 ol|lvk)
| v, (k).
M1 (k) 7
Aupg(k) w @ ig(k)
[u;(r‘f)]:[l 0 o0 0] Augq(k) kp  — ;r Rr—kp  — ;r 1 0|[i,0) | (0)
ug(k) 1 0o olf ig, () |7 |2k g @ R,—k, 0 1|ia(k)
igz (k) 2 2 va (k)
| v, (k) |
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3- Vector voltage controller

One of those functions of STATCOM s to mitigate the voltage dip at load terminal. This mean that
ac voltage of load terminal should be controlled during the dip. This requirement can be met by
usage of the vector voltage controller, in which the voltages can track reference values by injecting
the proper active and reactive current into the power system.

In vector voltage controller, the instantaneous reference and real load termina voltages are
transformed from three phase system to the o-f frame, then transformed into rotating d-q frame.
Then the DC-quantities are obtained. The difference amongst d-q component of reference and the
real values are the inputs of a Pl-controller. The outputs of Pl-controller are the reference currents,
which are desired injecting currents to ensure that the real voltage can track the reference values.
Blocks diagram of vector voltage controller is exposed in Fig.4. The three-phase reference and real
load terminal voltages are represented by v , v; , v;,Va , Vb @d V. respectively.

ik
- PLL
vk} )
sl k)
v () ' vk L
v (1) v k) abe /| gy L afl S| g 5
1 -;1F5&H At g il - = AT |_ |
B AL2, o S af el
! &k)
v ) ' v k) '
v.(t) v (k) abe e 14 af Wy |I ""”"'l
- - = = ABS
b v (k) aff dy
- -

- Bl -
Fig.4. Blocks diagram of vector voltage controller.
The reference and real load terminal voltage vectors in a-p frame are denoted as v/@f)" and v{@3),

The reference and real voltage vectors in d-g frame are represented by v(49"and v(44), The reference
injecting current in d-q frame is denoted as i(49)",

4- Operation Principle of STATCOM
As described in paper [3], voltage dip at load terminal can be mitigated by injecting the proper active
and reactive power. The reactive power will be the main influence factor while the STATCOM is
utilized to mitigate the voltage dip. The injected apparent power in d-q frame, which is used to
mitigate voltage dip, could be calculated as:

S(t) = F@) +jQt) =99 (1).i"49 () (51)
where

v () = v, () + ju, (0) (52)
907 (1) = iy (1) — jig(t) (53)

By inserting Egs. (52) and (53) into Eg. (51), the injected active and reactive power could be written
as.
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P(t) = va(0)iy () + vg (0)ig (1) (54)
Q) = v, (D)ig(t) —va(B)ig (1) (55) By

assuming d-axis aligned with grid flux vector in d-g synchronous reference frame, the grid voltage
only has g-component, i.e. the d-component of voltage is zero. Thus, Egs.(54) and (55) could be
rewritten as:

P(t) = v, ()i, (t) (56)

Q1) = v, (Dialt) (57)

Therefore, voltage dip mitigation depends on the injected active and reactive power. The
P-controller will be using to force the load terminal voltages to track the reference values.
Furthermore, an integral term can be added to the P-controller to remove the static error. The
Pl-controller ensures that the expected load voltages are achieved. Two control strategies can be
applied in the vector voltage controller. One is that only magnitude of voltage is controlled by
injecting reactive current (as well as reactive power), called ‘Q Vector Voltage Controller’. The
operation principle diagram is exposed in Fig.5, in case of dip with phase-angle jump (right plot) or
without (left plot). The phase shift between reference voltage and mitigated voltage vector is
introduced by the reactive current flow through the resistor of the power system. In the right plot of
Fig.5, the voltage dip develops phase shift between reference and real voltage. By using the Q vector
voltage controller, the phase shift caused by the dip cannot be reduced. Moreover, the resistance of
power system introduces new phase shift. The phase-shift can cause a large transient at beginning
and end of dip. In genera, this phase-shift is small. Thus, this controller could be used under most
situations except for deep dip and quite sensitive load.

& & i

[

7 .-""
e i
el —— W e il
% | -
% P AT
\"{"‘.'.. A Sl

| i -

Fig.5. Plot of operation principle of the Q Vector Voltage Controller (Ieft): thedip without phase angle jump;
(right): the dip with phase angle jump.
Another control strategy of vector voltage controller is called ‘P-Q Vector Voltage Controller’. This
means both magnitude and phase angle of the voltage will be controlled by injecting proper active
and reactive current (as well as active and reactive power). Asindicated in Fig.6, for the dip without
phase angle jump (left plot) or with phase angle jump (right plot), the load voltage will be
compensated the same as the reference voltage.
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Fig.6. Plot of principle of P-Q Vector Voltage Contraller (Ieft): the dip without phase anglejump; (right): thedip
with phase angle jump.
5- SSIMULATION RESULTS
To test the behavior of vector voltage controller, it is achieved in PSCAD/EMTDC. Being a shunt
connected device, the STATCOM can be implemented as controllable current source in the system.
Thus, a controllable current source is used in simulation circuit to represent STATCOM. As
indicated in Fig.4, the outputs of vector voltage controller are d-q components of reference current.
These currents will be transformed from d-q frame to o-f frame, then from o-B-frame to
abc-coordinate system. Thus, three-phase synchronous shunt compensation currents are obtained.
These currents are the control signal of the controllable current source, which represents STATCOM
in simulation model. A three-phase simulation model with controllable current sources is exposed in
Fig.7.

_If,\._._\_. I T ey
- b

[ 1]

Fig.7. Simulink model of STATCOM with controllable current source.

To be able to simulate voltage dip easier, the source voltages in simulation model are represented by
three controllable voltage sources, in which both frequency and the magnitude are controllable. Vs,
Vp and V; are real load terminal voltages measured by voltage meter. 1, I and I are the controlled
shunt compensation currents. The system parameters employed in the simulation are listed in Table
1.

Table-1: System parameters used in ssmulation model

E =400V f=5kHz
L=9.15mH fn=50 Hz
R+~ 0.2873 Q ko= 0.628
Lioag= 11 mH k= 0.01396
RLoad =62 Q

Where E is the line-line rms source voltage. A three-phase balanced voltage dip without phase angle
jump is assumed in al the simulations in this paper. Thus, the three-phase performance is same as
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single-phase. The step response is performed in single phase by utilizing the vector voltage
controller. A step, from 230-V to 160-V at 15-ms and back to 230-V at 25-ms, is given to reference
load voltage V*. The response of load voltage V, with P-controller isindicated in Fig.8. The response
of load voltage V with Pl-controller to same dip is indicated in Fig.9. The reference load voltage V*
and the load voltage V are rms values.

vay
028 T r ™ T T T T 1_“,
- W
a3k
En‘ﬂ-
! afp
(1. 4
% s W m = ® .\
T o))

Fig.8 Response with P-controller to a step-in referenceload voltage, from 230-V to 160-V at 15-ms and back to

230-V at 25-ms.
VEY

" | =%

¥ i I.
o2 ! 1 [ 1

oist |

LELE .!

0 A . N " i i . ]
] & 1] 15 -] 25 E 35 “
Time (s}

Fig.9. Response load voltage with Pl-controller to a step-in referenceload voltage, from 230-V to 160-V at 10-ms
and back to 230-V at 25-ms.

The responses confirmation that the P-controller cannot remove the static error, whereas the
Pl-controller can remove it. Therefore, the Pl-controller is employing in vector voltage regulator in
this paper.

By using the vector voltage controller, three-phase reference load voltages are used in the Simulink
model exposed in Fig.7. A voltage dip, from 0.05-s to 0.15-s with 0.7-pu magnitude and without
phase angle jump, is executed in simulation. The instantaneous three-phase load voltages and line-
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line rms voltage are exposed in Fig.10 and 11 respectively. A small phase shift between reference
and load voltage during the dip is found in Fig.2. Thisis due to only the reactive shunt compensation
current is controlled in the controller. Fig.11 shows that the magnitude of load voltage can track the
reference values. However, the mitigation response time, one and half cycle, is quite long by using
this controller.

The ‘P-Q vector voltage controller’ is implemented in the simulation model shown in Fig.7. A
voltage dip, from 0.1-s to 0.25-s with 0.7-pu magnitude and without phase angle jump, is executed in
simulation. The instantaneous three-phase load voltages and line-line rms voltage are exposed in
Fig.12 and 13 respectively.
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Fig.10. Three-phasereference and load voltage by vector voltage controller.
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Fig.11. Line-linermsreference and load voltage by vector voltage controller.
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Fig.12. Three-phase reference and load voltage by ‘P-Q vector voltage controller’.
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Fig.13. Line-linermsreference and load voltage by ‘P-Q vector voltage controller’.

Figure 12 and 13 indicate that load voltage, both magnitude and phase angle, can track reference
value by using ‘P-Q vector voltage controller’. This is due to both the active and reactive shunt
compensation currents are controlled in this controller. The mitigation response time of this
controller isaso very long.
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6-CONCOLUSION

The controller of STATCOM, called dual vector controller, is studied in this paper. It consists of
vector voltage-controller and vector current-controller. The step responses of the vector-current
controller with deadbeat gain, dual vector-controller and vector voltage-controller have been
presented. Two three-phase simplified models by using vector voltage controller and dual vector
controller are built in PSCAD/EMTDC respectively. The various system parameters also have been
verified in simulation model with dual vector controller.

Results showing that voltage dip can be mitigated by STATCOM with dual vector controller in
5-ms. This controller can mitigate voltage dip for various system parameters. Due to reactive power
control is used in dual vector controller, there is small phase shift among real and reference voltage
during the dip.
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