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Abstract- Power systems such as the other industrial
plants contain different kinds of uncertainties which
should be considered in controller design procedure. For
this reason, the idea of robust mixed H,/H,, control was
used for designing of Unified Power Flow Controller
(UPFC) Power Oscillation Damping (POD) controller.
This newly developed design strategy combines the
advantage of the H, and H,, control synthesizes and gives
a powerful multi-objectives design addressed by the
Linear Matrix Inequality (LMI) techniques. To achieve
decentralization, using the Schauder fixed point theorem
the synthesis and analysis of Multi-Input Multi-output
(MIMO) control system is translated into set of
equivalent Multi-Input Single-Output (MISO) control
system. The proposed mixed H,/H.,, controller has a
decentralized scheme and advantage of a decentralized
controller design is reduction in the controller complexity
and suitability for practical implementation. The
effectiveness of the proposed control strategy was
evaluated under operating conditions for damping low
frequency oscillations in comparison with the classical
controller to demonstrate its robust performance through
nonlinear time simulation and some performance indices.

Keywords: UPFC, Mixed H,H.,, Decentralized Controller,
Power System Stability and Control.

I. INTRODUCTION

In the dynamical operation of power systems, it is
usually important to aim for decentralization of control
action to individual areas. This aim should coincide with
the requirements for stability and load frequency
scheduling within the overall system. In addition, the
modern power system tends to be interconnected to
obtain the most economic benefits. However,
interconnection between remotely located power system
give rises to occur low frequency oscillations on heavily
loaded tie-lines especially after large or small disturbance
in the range of 0.1-3.0 Hz. This causes the power systems
to be operated near their stability limits. On the other
hand, these oscillations constraints the capability of
power transmission, threatens system security and

damages the efficient operation of the power system.
Thus, mitigation of low-frequency oscillations is
necessary for secure operation of power systems. In
recent years, the fast progress in the field of power
electronics has opened new opportunities for the power
industry via utilization of the controllable FACTS devices
such as Unified Power Flow Controller (UPFC), which
offer an alternative means to mitigate power system
oscillations [1].

Because of the extremely fast control action
associated with FACTS-device operations, they have
been very promising candidates for mitigation power
system oscillation in addition to improve power system
steady-state performance [2, 3]. UPFC is regarded as one
of the most versatile devices in the FACTS device family
[4, 5], has the capabilities of control power flow in the
transmission line, improving the transient stability,
mitigation system oscillation and providing voltage
support. The application of the UPFC to the modern
power system can therefore lead to more flexible, secure
and economic operation [6]. An industrial process, such
as a power system, contains different kinds of
uncertainties due to changes in system parameters and
characteristics, loads variation and errors in the modeling.
As a result, a fixed parameter controller based on the
classical control theory such as lead-lag controller [7]-[9]
is not certainly suitable for a UPFC control method. Thus,
some authors have suggested fuzzy logic controllers [10]
and neural networks methods [11] to deal with system
parameters changes for enhance system damping
performance.

However, the parameters adjustments of these
controllers need some trial and error. On the other hands,
several authors have been applied robust control
methodologies to cope with system uncertainties for
mitigation low frequency oscillation using UPFC.
Although via these methods, the uncertainties are directly
introduced to the synthesis. But, due to large model order
of power systems the order of resulting controller will be
very large in general, which is not feasible because of
computational economical difficulties in implementing.
In this study, using the Schauder fixed point theorem [12]
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the synthesis and analysis of the Multi-Input Multi-output
(MIMO) control system under study is translated into a
set of equivalent Multi-Input Single-Output (MISO)
control system.

It is shown that each decentralized controller can be
designed independently such that performance of the
overall closed loop systems is guaranteed. In this paper, a
new decentralized robust control strategy based on the
mixed H,/H, control technique for UPFC damping
controller design problem is proposed [13]. This newly
developed design strategy combines advantage of the H,
and H,, control synthesizes to achieve the desired level of
robust performance against load disturbances, modelling
uncertainties, system nonlinearities and gives a powerful
multi-objectives design addressed by the Linear Matrix
Inequality (LMI) techniques [14].

Using the generalized model, the UPFC problem is
formulated as a  decentralized multi-objective
optimization control problem via a mixed Hy/H,, control
technique and solved by the LMI approach to obtain the
desired robust controllers [15, 16]. The proposed control
strategy is compared with the classical PID and H,
controllers through nonlinear time simulation and some
performance indices to illustrate its robust performance
under different operation conditions for damping low
frequency oscillation and load disturbances.

II. SYSTEM MODEL

Figure 1 shows a SMIB system equipped with a
UPFC. The UPFC consists of an excitation transformer
(ET), a boosting transformer (BT), two three-phase GTO
based voltage source converters (VSCs), and a DC link
capacitors. The four input control signals to the UPFC are
mg, mg, O, and dp, wWhere, my is the excitation amplitude
modulation ratio, mp is the boosting amplitude
modulation ratio, Jg is the excitation phase angle and dp is
the boosting phase angle [17, 18].

Infinite
bus

Figure 1. SMIB power system equipped with UPFC

A linear dynamic model is obtained by linearizing the
nonlinear model around an operating condition. The
linearized model of power system as shown in Figure 1 is
described as follows:

Aé = o)Aw )
Aw=(-AP, — DAw)/ M 2)
AE, = (-AE, +AE )/ T}, 3)
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AEy =——AE, —-—4AV (4)
TA

Avge = K;AS + KSAEL; -KyAv, +K_ Amy +
+ K, 5,005 + K Amp + K 5, A0,

)

where,
AP, = K\AS + KLAE, + K,y Avy, + K, Amp +
+K 50005 + K, Amp + K |, 5,ASp
AE, = K4AS + K3AE, + K Av, + K Amp +
+ K 5.A08 + K ypAmg + K 5,A0
AV, =KsAS+KAE, + K, Avy, + K, ,Amp +
+ K, 50A0F + K ,Amp + K, 5, Adp

K\, K5, Ko, K, Ky and K, are linearization constants.

The block diagram of the linearized dynamic model of

the SMIB power system with UPFC is shown in Figure 2.
The state-space model of power system is given by:

x=Ax+ Bu (6)
where, the state vector x, control vector u , 4 and B are:
x=[Ad Aw AE, AE, Av,]

u=[Amg AS; Amg ASy]

0 w, 0 0 0
K5, K 0 K
M M M
Tdo Tdo Tdo Tdo
KAKS 0 KAK6 _1 _KAde
TA TA TA TA
| K5 0 K 0 -Ky |
0 0 0 0 |
_er Kp&e _Kpb _Kpéb
M M M M
po| K Kee o Koo K
To Tio To Tio
_ KAKVC _ KAKVJe _ KAKvb _ KAKVJb
TA TA TA TA
L Kce Kc&e ch Kcéb i

III. DECENTRALIZED CONTROLLER SCHEME

A centralized controller design is often considered not
feasible for large-scale systems such as power system; in
turn decentralized control is adopted. The advantages of a
decentralized controller design are reduction in the
controller complexity and suitability for practical
implementation. Here, the problem of decentralized
UPFC controller based on Schauder fixed point theorem
[12] is translated into an equivalent problem of
decentralized control design for a Multi-Input, Multi-
Output (MIMO) control system.



pd

Figure 2. Modified Heffron-Phillips transfer function model

The basic MIMO compensation structure for an m xm
MIMO system is shown in Figure 3. This consist of the
uncertain plant P, the diagonal compensation system G,
and prefilter F. These systems are defined as follows:

Pll PIZ le
P P P
P(s)=[RIs)=| ;' 7 i (7)
Pml Pm2 Pmm
g 0 0
. 0 g 0
G(s)=d . = 8
(s) = diag{g,(s)} 0 0 0 (3)
0 0 &m
fll f12 flm
NESOL Som
F(s)=[f;()1=| "2 2 ; )
fml fm2 fmm
_u1(t) X
no — = > >0
r(O——> | > 1.0

Figure 3. The MIMO control structure (mxm) system.

Here, it is developed a mapping that permits the
analysis and synthesis of a MIMO control system by a set
of equivalent MISO control system. This mapping results
in m’ equivalent systems, each with two inputs and one
output. One input is designated as a desired input and the
other as a disturbance input. The inverse of the plant
matrix is given by:

P*ll P*IZ P*lm
P(S)fl — P‘Zl P‘22 P‘Zm (10)
P*ml P*m2 P*mm

The m” effective plant transfer function is:

(11)

There is a requirement that det(P) be minimum phase.
The Q matrix is then described by:

1 1 1]
P*ll P*IZ P*lm
q1 92 Qi 1 1 1
41 92 Dom . " " 12
0= : : T Py Py P (12)
Am1 9m2 Dmm 1 1 - 1
_P*ml P*mZ P*mm i
where,
1 * 1 1
P=[F;], P =[P ;]1=[—1 O=Ilg;]1=[—"]
i Py

The matrix P is partitioned to the following form:

P! =[P*l.j]=[i]: A+B
ij
where A is the diagonal part and B is the balance of P'.

The system control ration relating » to y is
T =[I + PG]"' PGF . Pre-multiplying of system control
ration by [/ + PG] yields:

[+ PG]T = PGF (14)
when P is nonsingular, Pre-multiplying both sides of this
equation by P ! yields:
[P™' +GIT =GF (15)
Using Equation (13) and with G diagonal, Equation (14)
can be rearranged as follows:
T =[A+G]'[GF - BT] (16)
This is used to define the desired fixed point mapping
where each of the m” matrix elements on the right side of
Equation (24) can be interpreted as a MISO problem.
Proof of the fact that design of each MISO system yields
a satisfactory MIMO design is based on the Schauder
fixed point theorem [14]. This theorem is described by
defining a mapping Y(7) by:
Y(T) =[A+G] '[GF - BT] (17)
where, each member of T is from the accepted set J. If
this mapping has a fixed point i.e. 7€ 3 such that
Y(T)=T, then their T is a solution of Equation (16).

Figure 4 shows the four effective MISO loops
resulting from a 2x2 system and the nine effective MISO
loops resulting from a 3x3 system. Since A and G are
both diagonal, the (1,1) element on the right side of
Equation (17) for the 3x3 case, for a unit impulse input,
yields the output:

g, - (2 2L (18)
1+ g1q1 92 412

For each MISO system there is a disturbance input
which is a function of all the other loop output. The
object of the design is to have each loop track its desired
input while minimizing the output due to the disturbance
inputs.

(13)

=
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Figure 4. Effective MISO loops 2x2 (boxed-in loops) and 3x3
(all nine loops)

IV. MIXED H,/ H,, CONTROLLER DESIGN FOR
UPFC

The main goals of the UPFC controller design are:
power system oscillation damping, DC voltage regulator
and power flow controller. A damping controller is
provided to improve the damping of power system
oscillations. This controller may be considered as a lead-
lag compensator. The four control parameters of the
UPFC (mp, mg, dp and dp) can be modulated in order to
produce the damping torque. In this study, mjp is
modulated in order to damping controller design. The
speed deviation Aw is considered as the input to the
damping controllers. The structure of UPFC based
damping controller is shown in Figure 5. It consists of
gain, signal washout and phase compensator blocks. The
parameters of the damping controller using the phase
compensation technique for the nominal operating

condition as given in Appendix are obtained as follows:

536.0145s(s +3.656)
(s+0.1)(s+4.5)

e itttk dslm === === —————————— 3
Pl y_ T g sT 1+sT, |
1 HA T 2 e e
Set! Ms | | 1+sT,
point===—=———=—=——=— !
Block 1
Figure 5. Transfer function block diagram of the UPFC based damping

controller

Damping Controller =

We now proceed to design a decentralized power flow
and DC voltage robust controller using the mixed HyH.,
technique. MIMO system shown in Figure 6
decentralized into MISO system as shown in this. For
each MISO system there is a disturbance input which is a
function of all the other loop output. In fact, using the
pervious mentioned procedure the UPFC power flow and
DC voltage regulators controllers are designed
independently based on mixed H,/H., technique with this
decentralized method.

My Fa M) be T
2><2_> —_— _ v
O Vi 6 o

Figure 6. MIMO system translated into MISO system

To achieve our objectives and according to mixed
H,H., synthesis requirements, we propose the control
strategy shown in Figure 7 for a power flow and DC
voltage. This figure shows the main synthesis strategy for
obtaining the desired decentralized controller. We can
redraw Figure 7 as shown in Figure 8.

~

= EE

Nominal

+
)O— Model of
+

system

+
Figure 8. Synthesis framework for UPFC controller

It is shown that combination of H, and H, (mixed
Hy,/H,) control techniques gives a powerful multi-
objectives design problem. For this reason, the idea of
mixed H,/H,, control synthesis which gives a powerful
multi-objectives design is used for design UPFC damping
controller problem. We can redraw the Figure 6 as a
mixed H,/H,, general framework synthesis as shown in
Figure 9, where P(s) is the generalized plant that includes
nominal system models and associated weighting
functions. The state-space model of generalized plant can
be obtained as:

).po = Agpxgp + Bw+ Byu

z,=Cpoxgp +Dyyw+D,ou (19)
zy = Cyxgp + Dyyw+ Dyyu

y=Cyxgp +Dyw

where, w' = [v d n y,l

Denoting by T.(s) and 7T»(s), the transfer functions
from w to z, and z,, respectively, the mixed H,/H,
synthesis problem can be expressed by the following
optimization problem: design a controller K(s) that
minimize a trade off criterion of the form:

a|r. @ +BlL6f  (@p20) (20)
This optimization problem is solved using the hinfmix
function in the LMI control toolbox of Matlab [19],
which gives an optimal controller to achieve the desire
level of robust performance.
The designing steps of the proposed method can be
summarized as follows:
i) Compute the state space model.
ii) Identify the uncertainty (#,) and performance
weighting functions (Wp and W).

105



iii) Problem formulation as a general mixed H,/H,
control structure according to Figure 9.

iv) Identify the indexes a, B and solve optimization
problem in (20) using the ‘hinfmix’ function of LMI
control toolbox to obtain the desired controller.

v) Reduce the order of resulted controller by using
standard model reduction techniques.

)

Z., - w
Z) — P
y ¢ u
K.
—J

Figure 9. The mixed H,/H,, synthesis structure

V.SIMULATION RESULT AND EVALUATION
For the nominal operation conditions (P = 1 pu,
0 =0.2 pu, V, = 1.032 pu), we can consider plant shown
in Figure 8. P is transfer function of system with damping
controller.

A. Weighting Functions Selection

Uncertainty weights selection: For robust control
design, an open loop system is represented by nominal
plant model P,,,(s) and the uncertainty set which covers
the differences between P,,,(s) and reality of the physical
system. Representation of wunstructured uncertainty
involved using frequency-domain bounds on transfer
functions. A power system can possess a large number of
topological configuration and steady-state operation
points. Variation of these operations points can be viewed
as a source of unstructured uncertainty in the nominal
linear plant model. The percentage model uncertainty is
represented by the weight W,p, and W,y,. which
corresponds to the frequency variation of the model
uncertainty. These weighting functions are chosen to
cover the maximum uncertainly as follows:

_2s _3s

“w. T 104541 e T st

Performance weights selection: in order to guarantee
robust performance and satisfy the control objectives of
SMIB and UPFC problem, we need to add for each of the
control P, and V., a fictitious uncertainty block along
with the corresponding performance weights W and Wp
associated with the control effort and control error
minimization, respectively. The selection of W and Wp
entails a trade off among different performance
requirements, particularly good regulation versus peak
control action. More details on how these weights are
chosen are given in [18]. Based on the above discussion,
a suitable set of performance weighting functions for P,
and V. is chosen as:

o 4255+42500 . _0.6s
P—Vdc —1 Serle > C_ynC T 0351

. _6004s+9000 025
PP 1 9895 +1e7 ’ CE T 0175 +1

@,y =15 @, ;e =005, @, , =01, w, , =005

B. Mixed Controller Design

According to the synthesis methodology described in
pervious section, a decentralized robust controller is
designed using the ‘hinfmix’ function in the LMI control
toolbox. This function gives an optimal controller
through the mentioned optimization problem (20) with o
and £ fixed at unity. The controllers are reduced to a 4rd
order with no performance degradation using the standard
Henkel norm approximation. The transfer functions of the
reduced order controllers are given by:

_1.613e—7s* +1.177s" +5.9965” +39.95s +4.009
© s 45111 36,1157 +3.597s +0.0001529
_0.06443s* +0.55065° +0.59865” +0.33955 +0.01737
© 5143365 +2.25257 +0.1189s +9.716e — 005

K

r—pe

Kr—dc

C. Controller Evaluation

The effectiveness of the proposed mixed H,/H,, based
controller under different cases is evaluated by time
domain simulation to illustrate its robust performance in
comparison with the H,, based and Conventional UPFC
(C-UPFC) controller. In conventional method, P-I type
controller is considered for power-flow controller and
DC-voltage regulator. Figures 10 and 11 show the
transfer function of the P-I type power-flow controller
and P-I type DC-voltage regulator, respectively. The
optimal parameters of the power-flow controller (k,, and
ki) and DC-voltage regulator (k4, and k;) are obtianed
using genetic algorithm [20] for operating condition 1 as
listed in Appendix. Optimum values of the power-flow
controller are obtained as k,, = 0.5385 and k,; = 1.8259,
when the parameter of power-flow controller are set at
their optimum values. The parameters of DC-voltage
regulator are now optimized and obtained as k;, = 0.398
and k; = 0.5778. The damping controller is considered
with the same structure as given in previous section and
conventional controllers are designed by application of
cited damping controller.

b,
Py —»é)—» k,+ LA

S
Damping controller

Figure 10. PI- type power flow controller with damping controller

Aw

Vdcre('

—(O» K, +Ky /s
Vdc T

Figure 11. PI-type DC-voltage regulator

e

3
—>

The performance of the different controllers with the
damping controller mp following a 10% step change in
reference power on line 2 and reference mechanical
power, are and shown in Figures 12 to 13 for power flow,
DC voltage an frequency deviations. The loading
condition and system parameters are given in Appendix.
It can be seen that the proposed mixed H,/H,, based
UPFC controllers is very effective, achieve good robust
performance and compared to other controllers have best
ability to damp power system low frequency oscillations.
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Figure 12. Power system response for operation point 2 (Heavy loading)
under Al’ez(ref) =0.1 pu; Solid (mixed H,/H..), Dotted (H..) and Dashed
(Conventional)

To demonstrate performance robustness of the
proposed control strategy, the Integral of the Time
multiplied Absolute value of the Error (ITAE) and Figure
of Demerit (FD) based on the system performance
characteristics are being used as:

20
1TAE=I W | AP |+ wy |V, |+ wy [Acol) -t
0 ( l| eZ| 2| dc| 3| |) (27)
FD =(0S,,x10)* +(US,, x10)* + T,
where, w; =1, w, =1000 and w, =1000, Overshoot

(OS), Undershoot (US) and settling time of frequency
deviation is considered for evaluation of the FD. The
values of ITAE and FD are calculated for the different
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loading conditions as given in Appendix. Tables 1 and 2
show the damping performance of the robust and
classical controllers.

0.6 _

delta pe

0.8 L L '
0

time

delta vdc
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time

delta W

5 L L )

10 15

time
Figure 13. Power system response for operation point 3 (Very heavy
loading) under AT, = 0.1 pu; Solid (mixed H»/H.,), Dotted (H.,) and
Dashed (Conventional)

Table 1. ITAE value

Operating P,=0.1 T,,=0.1

conditions | Mixed H, PI |Mixed H, PI
1 24,66 |[28.58 | 35.70 | 3.20 |4.661 |62.77
2 37.01 |59.64 |360.06 | 5.15 |5.378 |396.97
3 1597 |17.55 | 17.50 | 4.32 |6.1943|39.84

Table 2. FD value

Operating P,=0.1 T,,=0.1

conditions | Mixed H, PI |Mixed H, PI
1 20.48 (48.953| 50.61 | 8.19 [10.1028310.28|
2 20.82 [58.108 | 130.52| 7.76 |46.859]|1007.2
3 20.61 [47.316| 49.09 | 8.91 |37.382|279.78




1 and 2 reveal that in
comparison with the H,, and PI controllers, the system
performance is significantly improved by the mixed
H,/H,, based controller designed for UPFC in this paper
against the loading conditions changes.

Examination of Tables

VI. CONCLUSIONS

In this paper, a decentralized robust controller for
UPFC based on mixed H,/H,, technique is proposed to
damp low frequency oscillations. As the power system
contains different kinds of uncertainties and disturbances
because of increasing the complexity and change of
power system structure. Thus, the UPFC damping
controller design problem has been formulated as a
decentralized multi-objective  optimization  control
problem via a mixed Hy/H,, control approach and solved
by LMI techniques to obtain optimal controller. Synthesis
problem introduce appropriate uncertainties to consider
of practical limits, has enough flexibility for setting the
desired level of robust performance and leads to a set of
simple controllers, which are ideally practical for the real
world complex power systems. The simulation results
show that the proposed control strategy achieve good
performance for damping low frequency oscillations and
improves the transient stability under different operating
conditions and disturbances. The system performance
characteristics in terms of ‘ITAE’ and ‘FD’ indices reveal
that the proposed method is a promising control scheme
for UPFC controller design and superior these of the H,,
and conventional controllers.

APPENDIX
The nominal parameters and operating condition of
the system are listed in Tables 3 and 4. The uncertainty
area for active and reactive power is as: 0.7< P<1.15
and 0.1<0<03.

Table 3. System parameters

M =8 MJ/MVA T;,=5.044s X,=1pu
Generator
X,=0.6pu X, =03pu D=0
Excitation system K,=10 T,=005s
Xz =0.1pu Xg=0.1pu
Transformers
X5=0.1pu
Transmission line Xp =lpu Xp,=13pu
P=0.8pu 0=0.15pu
Operating condition v —1.032 pu
DC link parameter Vpc =2 pu Cpc=3pu
mg =0.104 Sy =—55.87"°
UPFC parameter
6p=269° mg =1.0233
Table 4. Operating conditions
1. Nominal load P=0.80 0=0.15 V,=1.032
2 P=090 | 0=0.17 V;=1.032
3 P=1.00 | 0=0.20 V,=1.032
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