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Dynamic Interactions of Multiple
Multi-Functional UPFC in Power Systems
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A Unified Power Flow Controller
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System) controller with the primary
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method is presented for modeling a muiti-machine power system with
multiple UPFC’s installed and the dynamic interaction between different control functions of the
UPFCs is investigated. Study undertaken on New England power systems demonstrates that the
action may lead to the instability of the whole system.

(UPFC) (1] is a
AC Transmission
function of power

flow control plus some secondary functions [2-5]. To

implement the multiple control funct

ions of the UPFC,

it is suggested that multiple controllers are used in the
UPFC, with each of them being designed for a single
control function [4]. However, arrangement of multiple

controllers to implement multiple

control functions

poses the problem of possible dynamic interaction,
not only between the control func¢tions of a single

UPFC (local interaction) but also
UPFCs (inter-device interaction) [6].
shown that such interactions exist be
installed in a simple single-machine,
system.

In this paper, it is demonst

between different
In [6], it has been
tween two UPFCs
infinite-bus power

rated that, in a

multi-machine power system, if the multiple UPFC

controllers are designed separately
cause poor performance and, even,
system instability when all contrg
operation.

DYNAMIC MODEL

, interaction can
losed-loop control
llers are in joint

There are several models, which haye been developed

by different authors for a UPFC. A
review on the modeling of a UPFC

literature survey
as been published
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by the authors [7]. Based on open literature, most
of the papers have proposed a UPFC model for load
flow studies, i.e, power injected models, and none of
them modeled the UPFC internal dynamics except [8].
The UPFC model developed by [8] is adopted in this
paper. This model is obviously more comprehensive
than others for dynamic state studies, because the
dynamics of the DC link capacitor is considered in the
modeling process.

A UPFC consists of an Excitation Transformer
(ET), a Boosting Transformer (BT), two three-phase
GTO-based Voltage Source Converters (VSCs) and a
DC link capacitor. In Figure 1, mg, mpg,ég and 6
refer to the amplitude modulation index and phase
angle of the two VSC’s in the UPFC, respectively. They
are the input control signals of the UPFC closed-loop
control system.

If the General Pulse Width Modulation (GPWM)
is adopted for the GTO-based VSCs, by applying
Park’s transformation and ignoring the resistance and
transients of the transformers, the dynamic model of
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Figure 1. One line diagram of the UPFC installed
between bus 1 and bus 2.
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the UPFC can be established to be:

dvdc 3mE . IEd
X = __=[cosdg sind

dt 4Cdc [ E m E] |:.[qu|
_3msp [coséB sin63] [‘;Bd] , (1)

de Bg
Ve =japle +VE, (2)
Ve =jeplp: + Vp, (3)

where:

I =1Lp —1Ip,

MEVde jsp
e Y
2
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E =
Vi = TBVde sy
2
Controllers

UPFC installation in a power system is mainly for
the active and reactive power flow control along the
transmission line and AC voltage support at the UPFC
shunt bus bar. Moreover, for the normal operation of
the UPFC, DC voltage across the DC link capacitor
needs to be controlled by a DC voltage regulator, such
that active power exchanges between the UPFC and
the power system is zero at the steady-state operation.
If a Proportional plus Integral (PI) control scheme is
used for the UPFC controllers [9], four UPFC control
laws can be summarised as follows:

1. dc voltage regulation:

0 =bpo + (Kpt + K11/8).(Vacres = Vaem), (4)
2. Active power flow control:

mp =mpo + (Kp2 + K12/8).(Pres — Pr),  (5)

3. AC bus voltage control:

mME = MEo + (KpB + K13/3)~(Vacref - Vacm)7
(6)

4. Reactive power flow control:

65 =6Bo+(Kp4+KI4/5)~(Q'ref_Q'm)- (7)

Fourth-Order Synchronous Machine Model

The fourth order model of a synchronous generator is
chosen in this paper. The model, including the AVR’s
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dynamics, is described by the following equations:

o _ (Era— Ep)
6; = T, (8)
g _ —eqt+(zg —x)lg
ey = —2 o (9)

qo
6 =wo(w—1), (10)

1

0= =P~ Pe ~ = 1)), 11
&= 5z(Pm = Po = D(w = 1)) (11)
. E Ky
Ede—T—f:+7;;(V2ref—Vt)v (12)

where E; = e, + (x4 — 7y)lgq and, also, Igq and Ig,
are the d and ¢ components of the generator current.

THE MODEL OF THE MULTI-MACHINE
POWER SYSTEM INSTALLED WITH TWO
UPFCS

To establish a non-linear dynamic model of a multi-
machine power system with two UPFCs installed, the
UPFC model must be embedded into the power system
model. The systematic method proposed in [10] is
extended in order to derive the non-linear dynamic
model of two UPFCs installed in the multi-machine
power system.

Assume a UPFC is installed on a transmission
line, line 1-2 (line #1), as shown in Figure 2. The
following circuit equations can, thus, be obtained:

<

1= Ziglip + Ve,

<

gt =Vpe+ Zp2lp2 + Vo,
Igp=Tig—Ipa.

In matrix form, they become:

Zl _ Z1g+ jzE —J1TE ZIE
Val — JTE —(Zp2 +jze +jxB)| |Th
1 0 Vg
[1 -1] Ve (13)

Figure 2. The circuit diagram of the UPFC installed in
the transmission line.
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For two UPFCs, installed on line #1 and line #2,
Equation 13 can be modified to be:

7, (Z1g + jzE) —JTE
7 JjTE —(Zg2 +jrE + jrB)
MY - 0 0
Vs 0 0
Vs
0 0
0 0
(Z3E +].’1?.’13E) —jrxE
jTTE —(Zg4 1+ jxxzg + jzTB)
£1E 1 0 0 O KEIZ
Igo 4 1 -1 0 0 V B12
Lig 0 0 1 0/ Vg’
- 0 0 1 _ (14)
Ip4 ~1] |Vas

In short form, it can be written as:
Viase = Alips + BVEgp,
— —_1 — — J—
= IlE4 =A .V1234 — A ¢B.VE1312.
(15)

Also, before the UPFCs are installed,|it can be assumed
that the network admittance matrix|is Y,, where only
n generator nodes, plus nodes 1 thrgugh 4, are kept:

Yiu Yiz Uiz Yia 215 Zl
Y T2z Taz Vo Yas| Vo
Ys1 Ys2  Ysz Y Xss K3
Ua1 Ya2 Yaz TYaa Yas| |Va
Y51 Yso Ys3 Ysu Yss| ||V,
21 0
Vo 0
=Y, |Vs|=|0 (16)
v, 0
AY I,

A~

With installation of UPFC1 on line #1 and UPFC2 on
line #2, the network Equation 16 can be written as:

Y11 Y12 0 Y13 Y14 215
0 Yoz + Y21 Y23 Y24 X_%

S Y32 Y3z + Y3a 0 XSS
Yu Ya2 0 Yaa +Ys3 Yas
Y51 Yso Ys; Y4 Yss
Vi 1 0 0 0]rf 0
v o -1 0 o/l]z"]]]o
22 I
Vil+l0 0 1 0 7E2 =|0 (17)
Vol [0 o o -—1]|ZE| ][]0
v 0 0 o oflle] [T,
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By substituting Equation 15 into Equation 17 and
making a partition to eliminate nodes 1 through 4 in
Equation 17, it can be obtained that:

Y, Y2| [Vi2aa
Ys | Yo L Ve
C 1 1
+1--f. 1A .V1234 —A .B.VEB12>
0
[0
[ Ig

By using the Keron elimination method, nodes 1
through 4 can be deleted. Consequently, it is found
that:

g = ?g.vg + ?U.VEBH, (19)

[}

where:
Y,=Ys-Ys.(Y1+ C-K_l)_l-?zv
Yu=-Ys.(Y, +CA H)l.cA 'B,

In Equation 19, I and V, are expressed as a network
reference frame. By applying the following transfor-
mation, the generator current can be expressed as a
machine d — ¢ reference frame, presented as:

Ic =TI, (20)
Vg =TV, (21)
where:

. siné; —coséd;
T = diag. Hcos 6; siné; ” )

Equations 1 and 8 to 12 give the full dynamic model
of the multi-machine power system with two UPFCs
installed.

CASE STUDY

Figure 3 shows the configuration of the New England
Power System (NEPS).

The NEPS has 39 buses, 10 generators and 46
transmission lines and, in many studies, is considered
to be a test power system. This paper has chosen the
NEPS to investigate dynamic interaction between the
control channels of two UPFCs installed on line #25
(L25) and line #23 (L23).

From the control theory point of view, if 8
controllers for two UPFCs are designed separately in
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Figure 3. The New England test power system.

a sequence, the multiple functional UPFCs control is
effectively treated as the SISO system. Inevitably,
the dynamic interaction between the various control
channels cannot be overcome. In this section, it is
shown that the control performance and the closed-
loop system stability cannot be guaranteed when these
controllers are in joint operation, as they are supposed
to, even though satisfactory control performance and
closed-loop system stability are obtained when each
controller is designed individually.

Eight PI-controllers are set individually and sep-
arately by the use of the standard tuning method for
a PI controller design, which is carried out in the
following sequence:

1) PI — V4.1 controller is designed while all other
controllers (7 controllers) are in open-loop. The
tuned parameters are K41 = 10.0 and K41 =
20.0. Figure 4 shows the results of the non-linear
simulation to assess controller performance. In
the simulation, the reference DC voltage of the first
UPFC, Vyeres1, is changed at 1.0 seconds of the
simulation from 1.0 pu to 1.1 pu. From Figure 4,
it can be seen that satisfactory control performance
is achieved. Figure 5 shows the machine rotor angles
{d), which confirm the stability of the closed-loop
control system;

2) PI — Vgy is the second controller to be designed
while all other controllers are open loop. The per-
formance of this controller, with Kpy,,, = 0.5 and
Krve,, = 15.0, is satisfactory, as shown by Figure 6
when its reference value (Vgiirer) is increased by
0.01 pu. Figure 7 shows the machine angles, which
are measured with respect to machine #10 angle
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position [(6; — 610) for 1 = 1...9]. It can be seen that
the system is stable;

3) PI — Biner is the next controller to be designed
while all other controllers are open loop. The
controller performance, with Kpp, ., = 0.05 and
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Figure 4. Step response of the system with Pl — V.,
controller designed.
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Figure 5. Rotor angle response of the system with
PI — Vy.1 controller installed.
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Figure 6. Step response of the system with Pl — Vg
controller designed.
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Kipy... = 10.0, is satisfactory when the reference

value (Pineirer) 1 changed, as sh
Figure 9 shows the machine angle

4) PI — Qine; controller is the nex
designed with all other controlle
The controller performance, with 1
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Figure 11 shows the machine angl

Four controllers in the second UP
individually and their performanceg
the same way.
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Figure 7. Rotor angle response of the
PI — Vg controller installed.
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controller designed.
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7) Pinearer is changed at 1.0 second with Kpp, ., = 1.0
and K;p,,, = 16.1. Figures 16 and 17 demonstrate

the system response;

8) Qlinearef 1s changed at 1.0 second with Kpg, ., =0.1
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Figure 9. Rotor angle response of the system with
PI — P, controller installed.
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Figure 10. Step response of the system with P/ — ()

controller designed.
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Figure 11. Rotor angle response of the system with

PI — @1 controller installed.
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and Krg,.., = 2.0. Figures 18 and 19 show the
system response.

In all the above cases, satisfactory control per-
formance and closed-loop system stability are achieved
by the design of each individual controller. When all
controllers are in joint operation, the reference value
of each controller is changed again, sequentially, to
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£
R
N 1.04

i —
5 10 15
0 Time (s)

Figure 12. Step response of the system with PI — Vyco
controller designed.
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Figure 13. Rotor angle response of the system with
P1I — Vg2 controller installed.
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Figure 14. Step response of the system with PI — Vg2
controller designed.
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evaluate control performance and closed-loop system
stability. The results are shown in Figures 20 to
27. It can be seen that, in all cases, the closed-
loop system stability is lost. It means that when the
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Figure 15. Rotor angle response of the system with
PI — Vg2 controller installed.
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Figure 16. Step response of the system with PI — P,
controller designed.

58.5
—\‘ Machine # 5
58
% 575}
z
=
z
a 57
9
pet
2 .
s ——-\ Machine # 7
56.5
Machine # 8
56
0 5 10 15

Time (s)
Figure 17. Rotor angle response of the system with
PI — P, controller installed.
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Pl-controllers are designed as SISO controllers, the
interaction between the control channels of different
control functions are not considered. Hence, closed-
loop system stability cannot be guaranteed when all
SISO controllers are put into operation.

In other words, the defect of the SISO design ap-
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Figure 18. Step response of the system with PI — Q.
controller designed.
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Figure 19. Rotor angle response of the system with
PI — Q3 controller installed.
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Figure 20. PI — V.1 controller performance and the

closed-loop system instability.
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Figure 21. PI — Vg controller performance and the
closed-loop system instability shown by the machine rotor
speeds.
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Figure 23. Checking PI — ; controller performance and
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Figure 25. Checking PI — Vg2 controller performance
and instability of the closed-loop system.
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Figure 26. Checking PI — P, controller performance and
instability of the closed-loop system.
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Figure 27. Checking PI — @2 controller performance and
instability of the closed-loop system.

plied above is that when a controller is being designed,
the influence of other controllers cannot be considered.
Therefore, when those controllers are in joint opera-
tion, the control performance of the controller being
designed cannot be ensured. This is why multiple SISO
controllers cannot be often applied for a multivariable
control system. The results presented here for UPFC
applications provide clear evidence to this fact.
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CONCLUSION

In this paper, a method to embed two UPFCs into
a multi-machine power system is presented. The
method is then applied to investigate dynamic in-
teraction between multiple UPFC control functions.
The study cases confirm that interaction exists not
only among different SISO controllers assigned to
the same UPFC, but, also, between controllers of
different UPFCs. This negative dynamic interac-
tion can cause the instability of the overall closed-
loop system. To overcome the interaction of UPFC
control functions by some advanced techniques of
controller design needs further work in the future.
However, multivariable controller design provides a
simple solution if a centralized control scheme can be
applied.
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