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The electrical system's problem stabilizes the electrical system with three primary parameters: Generator’s Rotor Angle:

rotor angle stability, frequency stability, and voltage stability. This paper focuses on the problem
of designing a low-order stable optimal controller for the generator rotor angle (load angle) Power System Stabilizer;
stabilization system with minor disturbances. These minor disturbances are caused by lack of
damping torque, change in load, or change in a generator during operation. Using the RH., optimal
robust design method for the Power System Stabilizer (PSS) to stabilize the generator’s load angle ~ Order Reduction Algorithm.

will help the PSS system work sustainably under disturbance. However, this technique's

disadvantage is that the controller often has a high order, causing many difficulties in practical

application. To overcome this disadvantage, we propose to reduce the order of the higher-order

optimal robust controller. There are two solutions to reduce order for high-order optimal robust

controller: optimal order reduction according to the given controller structure and order reduction

according to model order reduction algorithms. This study selects the order reduction of the

controller according to the model order reduction algorithms. In order to choose the most suitable ~ Article History:

low-order optimal robust controller that can replace the high-order optimal robust controller, we

have compared and evaluated the order-reducing controllers according to many model order Received: 10 June 2021
reduction algorithms. Using robust low-order controllers to control the generator’s rotor angle N

completely meets the stabilization requirements. The research results of the paper show the Revised: 19 August 2021
correctness of the controller order reduction solution according to the model order reduction  Accepted: 02  September 2021
algorithms and open the possibility of application in practice. Published: 01 October 2021

RH- Robust Optimal Controllers;

1- Introduction

The function of an electrical system is to convert energy from a natural form to an electrical form and transmit it to
consumption. Easy to transmit and control with high efficiency and reliability is the convenience of electrical energy.
During the power system operation, it is necessary to maintain the balance between power consumption and generating
power (generator’s rotor angle), ensuring power quality such as constant system frequency, constant node voltage, etc.
Control purposes are based on the operating mode of the electrical system. Under normal conditions, the sense of control
ensures that the voltage and frequency are close to the rated value. When abnormal conditions arise, the controller aims
to return the system to normal mode. It is called system stabilization. Therefore, controlling the electrical system means
stabilizing the electrical system with three primary parameters: generator’s rotor angle stability, frequency stability, and
voltage stability. In this paper, we focus on the problem of generator’s rotor angle stabilization. Specifically, we consider
a problem as follows: when there is a required load to a station with many units, the power distribution unit (AGC -
Automatic Generation Control) will be in charge of assigning power to the units to obtain a balance. However, since the
dynamics of each generator are different, power flows are exchanged within the generator station or between the
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generator station and the system over the transmission lines. These coupling effects cause the generator’s rotor to
oscillate around the working point. Another source of rotor angle oscillation is the use of a fast-response exciter. An
Automatic Voltage Regulator (AVR) improves the limit of static and dynamic stability but reduces the damping torque
component, detrimental to small signal stability [1]. The effects of oscillation are as follows: when the fluctuation of the
rotor angle makes the rotor speed no longer the synchronous speed, the rotor angle may exceed 90 degrees of electrical
current, causing the generator operation to be out of sync. In the case of not being controlled in time, it is most likely to
resonate with other oscillations causing severe out of sync between the generators and the grid, even causing a
disintegration of the electrical system.

In the classification of electrical system stability [2, 3], rotor angle stabilization () is divided into two categories:
small signal stability (minor disturbances) and transient stabilization (significant disturbances). In this paper, we only
consider the problem of small signal stability (minor disturbances). These disturbances are considered small enough to
use the system's linear equations for stability analysis. Small signal stabilization theory has used to identify and analyses
electric motor oscillations (low-frequency oscillations) in electrical systems. These oscillations cause the generator rotor
angle to increase or decrease relative to the working point, causing a lack of synchronous torque or damping torque [4].
Low-frequency oscillations include the following forms [5, 6]:

Local Mode Oscillations: These oscillations usually involve one or more generators rotating synchronously together
at a power plant versus an extensive power system or load center. The frequency ranges from 0.7-2 Hz. These oscillations
are disturbing when the plant is at a high load with an extensive reactive power transmission system [1].

Inter-area Oscillations: These oscillations usually involve combinations of many generators on one part of a power
system swinging against generators on another part of the power system. The frequency of inter-area oscillations is
usually less than 0.5 Hz [1].

Global Oscillations: These oscillations involve many large electrical systems that are interconnected on a large scale.
The oscillation frequency is less than 0.2Hz.

The oscillating quenching control is performed via a magnetic excitation system. In the synchronous generator, short-
circuit loops were arranged on the rotor (choke coil) to dissipate the vibrating energy and make the generator's
oscillations shut down more quickly. However, it cannot eliminate all oscillations. The solution to this problem is to use
a Power System Stabilizer (PSS) that operates through the Automatic Voltage Regulator (AVR). The PSS’s task is to
estimate the oscillation A3(t), send the voltage signal, Vs, to the exciter circuit to create an electromagnetic moment
component that quenches the oscillation. Instead of directly measuring the rotor angle 8, it is common to measure the
rate of change of the rotor speed Aw(t), and/or generator electrical power, Pey, isometric to AS(t). These two signals are
used as inputs to the PSS. To improve the damping of the oscillations, the PSS must produce an electric torque component
in phase with the rotor speed deviation Aw.

Furthermore, the PSS must have a suitable phase compensation circuit to compensate for the phase delay between the
exciter input and the electromagnetic torque output. In fact, the generators interact through voltage and current, the
kinetic effect of the machines is different. Therefore, particular consideration must be given when designing a PSS,
known as the tuning of PSS in a multi-generator system. In general, they all focus on methods such as damping torque,
frequency response, or eigenvalue and state matrix. There have been many studies on PSS, but most of them focus on
selecting PSS’s parameters according to the existing hard structure (IEEE standard). For example, choose the optimal
parameter H. for PSS [7, 8]; Apply Hz norm to select parameters for PSS [9, 10]. Besides, some authors also researched
to design a PSS integrating requirements such as changing parameters or changing working conditions to obtain a similar
frequency domain model through a suitable compensatory correction function. The goal of this method is to obtain the
desired system response. The robust PSS design method uses analytical structure p to select parameters for PSS [11],
[12]. The open-loop transfer function between the exogenous outputs to the disturbance has been formatted with
weighted filters for control. This is known as the "loop-shaping" control [13]. This optimization problem is solved by
the DK interaction [14] technique in Matlab. The success of the above methods relies heavily on weights but does not
provide a clear rule to apply in the future. If solving the optimal control problems has limitations, the H.. norm approach
to solving linear matrix inequality (LMI) can be applied. The advantage of this technique is that it can be used for various
control purposes, such as noises filtered by forced optimal control, H«, via Hz, and polarization via the LMI. Also, it can
be combined with the suboptimal control technique. Suboptimal control via LMI approach has been applied to the
sustainable PSS design by both working state and output feedback [15-17].

Recently, the development of programmable and intelligent control techniques, such as genetic algorithms, neural
networks, and fuzzy logic, etc. has solved many engineering problems. The genetic algorithm was used to design PSS
to suppress rotor angle oscillation [18, 19]. The neural network technique was used to create parameter adjustment for
PSS [20]. According to fuzzy theory, the PSS design method has also been applied by Hariri and Malik's work [21], or
the result of Hosseinzadeh & Kalam (1999) [22]. Particle Swarm Optimization (PSQO) technique is used to design robust
Power System Stabilizer (PSS) to improve the dynamic stability of the power system [23]. The optimized type-2 fuzzy
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logic controller is used for designing a power system stabilizer PSS combined with the robust H., tracking control to
increase the stability of the power system [24]. Using hybrid modified grey wolf optimization-sine cosine algorithm for
tuning the parameters of PSS of an interconnected multimachine power system [25]. Collective Decision Optimization
(CDO), Grasshopper Optimization Algorithm (GOA) and Salp Swarm Algorithm (SSA) have been applied for the
optimal tuning of PSS parameters for small signal stability analysis of a renewable integrated power network [26, 27].

The above analysis shows that there are many separate arguments for PSS parameter selection with predetermined
structure and the currently used PSS parameters are not the best. Also, the PSS structure in use is not optimal, and the
PSS design strategy for structure optimization has not had much research. Therefore, in Trung (2012) [28], the task of
designing the optimal PSS structure based on the RH., theory has been set out and then tested, evaluated, and compared
with the standard architecture PSS in use today. This research has obtained a robust optimal controller that helps the PSS
system work sustainably with disturbances than conventional PSS. The high order controller can make the controller's
calculation time longer, hence the response speed of the controller slower, reducing the practical applicability of the
controller. Therefore, the problem of order reduction of high order controllers is a very concerning issue in robust control.
For the order-reduced controller to be able to replace the high-order controller, it must satisfy the following conditions:
(i) small order reduction error, i.e., deviation of the step response, the bode response of the order-reduced controller
compared to the original controller is small; (ii) order of the reduced controller is low. The order-reduced controller still
ensures the control quality equivalent to that of the high-order controller (expressed through the static quality criteria,
the control system's dynamic quality criteria).

To obtain a low-order controller, we can do the following two methods, shown in Figure 1:

Method 1: This method selects a fixed structure of the order-reduced controller, then applies the optimization
algorithm to find the order-reduced controller's parameters so that the standards of the robust control are still ensured.

Method 2: This method performs an order reduction of a high-order controller according to the model order reduction
algorithms to obtain a low-order controller.

RH- optimal robust
Excitation, AVR controller design High-order
and Generator Controller

Reduction controller by
Method 2 model order reduction

algorithm
Parameter Optimization
Low-order
Method 1 Controller

Figure 1. Two methods of designing low order robust controller for the generator’s rotor angle stabilization PSS system.

To implement Method 1, we need to solve two problems simultaneously, namely, the controller design problem that
satisfies the robust optimization criteria and the problem of finding controller parameters. The complexity of Method 1
is high, and the problem of finding parameters can be inexhaustible if the selected controller structure is not suitable. In
contrast, Method 2 usually finds a low-order controller in all cases.

In this paper, we use the Method 2 to reduce the order of a high-order controller. The paper's objective is to compare
and evaluate the effectiveness of the existing order reduction algorithms for the order reduction problem. The high-order
controller that requires order reduction here is the PSS system controller that stabilizes the generator's rotor angle. After
comparison and evaluation, the most robust low-order controller will be selected.

The rest of the paper is structured as follows: The mathematical model of the generator’s rotor angle stabilization
system is presented in Section 2. Section 3 introduces the results of the design of the generator rotor angle stabilizer
controller. Section 4 presents the results of order reduction for a high-order controller and simulates a generator rotor
angle control system using a low-order controller. A conclusion is drawn in Section 5.

2- Mathematical Model of the Generator’s Rotor Angle Stabilize System

This study examines the principle diagram of a single generator connected to an extensive power system's busbar, as
shown in Figure 2. There is no need to show the speed controller in the diagram because its response is relatively slow
compared to that of the excitation system. The study aims to stabilize the small signal to suppress the oscillations, so we
use a linearized model around the working point.
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Figure 2. Block diagram of exciter controllers for grid-connected generators.

Using the ST1A typed thyristor excitation system [29], the study in Trung (2012) [28] has obtained a linear generator
block diagram including exciter and AVR, as shown in Figure 3.

yate)
Ka [€
Excitation & AVR l ATwm
+
AVref AEfd K; o AS
+ zZ; Gexe(s) - C 1+5T4K; S
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+

+
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Figure 3. Block diagram of exciter controllers for grid-connected generators.

The state-space model of the generator, including exciter and AVR, is illustrated by the following equations [28]:

AE, =- L AEQ]—QMJF—%AEM 1)
K3Td0 TdO TdO

A5:a)0Aw (2)
K . K K

Ad=-—%AE, ——1A5——DAa)+iATM 3)
2H 2H 2H 2H

) KiKs . KuK K
AEfd = A 6AEq_ A 6A§_iAEfd +—AAVref 4
Ta Ta Ta Ta (4)

In the form of matrices and rearrangements, we have:

0 o 0 0
Ad Aw | 11/2H 0 ATy
| = K4 1 1 .|+
AE, T 0 . 1| A 0 0 ||AVyg ©)
. do 3'do do AE 0 K. /T
el KK g KaKe 1 L o
L TA TA TA_
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Small signal stabilization is the ability of synchronous transmitters to maintain synchronization with each other after
being subjected to minor disturbances. This is based on the ability of each generator connected to the electrical system
to maintain an equilibrium of the electromagnetic torque and the mechanical torque.

Avref :‘:
2
+

Figure 4. Block diagram of the generator with exciter, AVR, and PSS.
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D
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+
+
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Figure 4 shows the linear block diagram of the generator with exciter, AVR and PSS. This is the expanded diagram
of the diagram in Figure 3. The PSS input signal is speed deviation Aw. However, another signal, such as the dynamic
power difference, APa, can also be used. The PSS output signal is sent to AVR. The PSS output saturation and exciter
output saturation are not shown in the diagram.

3- RH« Optimized Controller for the Structure —Optimized PSS

Consider the linear model of exciter, AVR and, generator [28] as shown in Figure 5.

ATwm AS
—>| Excitation, AVR }——>
and Generator
AVref Aw
— > S(s) L >

Figure 5. Linear model of exciter, AVR, and generator.

The linear transfer function of S(s) [28] has the following form:

AS
Aw
AE
AE

Or:
AS
Ad
AE
AE 4

0 @y
Ky Kb
2H  2H
Koy
Tao
KaKs 0
Ta
Ao
Aw
AE,
AE 4

0 0
_ﬁ AS 0
2H Aw
BEURNEY Dugr
K3Td0 TdO AEq K. /T
_KaKg 1L g
TA TA

+B[ AV, |+C[ATy ]

0

0

/
[ AV |+ ! SH [ATy ]

(6)
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The model has two inputs: the error set voltage AVer, and error torque ATm. The two outputs are error load angle,

AS
Aw

As=[1 0 0 0]
AEq
AE 4

and error speed,

AS
Aw

=[0 1 0 0]
AE,

AE 4

with coefficient matrices;

0 @y
_K o _Kp
2H 2H
= K
A=l Z2 o -
Tao
K K
A™NS 0
L Ta

0

_Ke

2H
1

Ta

KSTd 0
K 2K

AE 4

AE 4

AS ]
Add>

AE,

AS

AE,

0 0
0 1/2H
B= :C
0 0
Kp /T 0

The transfer function of the object S(s) is described as Equation 10:

AS) S11(8)  Sp2(s)
Aw) ($u(5) Sx(s))\AV,

S(s)

Where;

1(5)— A 12()—

When affected by the disturbance, with PSS equipped, Ad is still fluctuating.

ref

! 21()_

|

EB

522 (s)= SI_A

®)

©)

(10)

Therefore, in Trung (2012) [28], it is proposed that the design of the PSS robust controller has a block diagram as

shown in Figure 6, where;

p
—— > Excitation, AVR
and Generator
w u 5(s)

Robust

Controller
R(s)

Figure 6. Block diagram of the exciter, AVR, and generator robust control system.

System state variables: x = [45 Aw AE} AEq]

Reference signal: w
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Control signal: u = AV,.ey — AVpss

Measured output: y = Aw

Output (which cannot be measured): z = A8

Input (disturbance): p = ATy,

The object S (s) in Figure 5 has the following general form:

X=Ax+Bu+Cp
z=Dx (11)
y = Ex

The design of robust controller RH.. is according to Youla et al. (1976), Ma et al. (2014) and Gu et al. (2013) [30-
32], with two basic steps as follows:

1. Determine the set of all the controllers to stabilize the closed-loop (from w to y) system. This set is denoted as R(s).

2. Find a specific element R(s) in the set R(s) such that it has the slightest sensitivity to model error AS and noise p as
well as has the smallest relation ||G,_,(s)|| .

With the model parameters given in Trung (2012) [28], the following model parameters were determined:

41.67s% +716.35+1201
Si(s) = 7 3 >
S"+17.46s° +103.7s° +12055 +1786
5458
S,,(8)=
12(5) s* +17.465° +103.75% +12055 +1786
S,1(5) = 0.1326s° +2.28s” +3.8235-1.23.10
2 s* +17.46s% +103.7s +1205s +1786
17.37s-2.712.107%?
Sp(s)=

s* +17.46s° +103.7s% +1205s +1786
Performing control design according to the two steps above, we obtain the controller [28] as follows:

_AG)

R(s) B(s)

(12)
A(s) = —0.0048675% —0.75195%" —58.85%° — 252652° —8.35.10*s%* — 2.128.10% 5% — 4.383.10" 522

—7.542.108s%1 ~1.108.10'%s%° —1.41110"s'° —1.527.10"?s'® —1.544.10"3s'" —1.341.10" s*® —1.032e'°s™
~7.021.10%s" —4.211.10%s'% —2.213.10'" s -1.01.10"8 s —3.954.10"5'° —1.306.10'° s° — 3.564.10'°s®
—7.845.10"s" —1.348.10%°s% —1.723.10%°s® —1.52.10%s* —8.162.10'°s® —1.984.10'%s? + 3.89.10'®s —125.2

B(s) =5.25e °s?® +0.00978652" +0.86755%° + 48.85%° +19655%* +6.056.10% 5% +1.49.10°5%? —3.018.107 s**
+5.14.10%s% + 7.483.10° 5™ +9.425.10"°s™® +1.035.10"s*" +9.968.10*5'° +8.43210"s" + 6.266.10" 5™
+4.079.10°s™ +2.314.10"° 5™ +1.134.10"" s' + 4.74.10" s'° +1.66.10'8 s° + 4.762.10'®s® +1.085.10" s’
+1.891.10'°s° +2.399.10"s° + 2.062.10'°s* +1.065.10" s + 2.479.10'8 5% —1.59.10% s + 2.945.10

Analyzing and eliminating the matching poles and zeros of the controller, transforming the controller to normalized
form, we obtain a controller with the following structure:

R(s)= &) (13)
D(s)

C(s) =-92.89s* —1.35810%s'® —9.111.10°s™® —3.727.10" s** —1.042.10°s™ — 2.124.10'%s*2 — 3.286.10M s™*

-3.971.10%s'° —3.825.10"s° - 2.963.10"s® —1.836.10'°s” —8.929.10'°s® —3.315.10'®s® —9.091.10'¢ s*

-1.768.10""s% —2.22.10" 5% —1.279.10'" s + 2.036.10"
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D(s) = s* +178.5 ' +1.484.10*s™° + 7.642.10°s™ + 2.731.107 s** + 7.183.10%s'? +1.436.10%s"!
+2.221.10"s'° + 2.677.10%s° + 2.517.10"3s® +1.831.10"*s” +1.018.10"°s® + 4.225.10'°s°
+1.263.10% 5% +2.552.10'% 5% + 3.075.10'° s +1.588.10% s

Using the 17"-order controller to stabilize the generator’s rotor angle, we obtained the simulation results in Matlab-
Simulink as follows:

Constant

¥
- L
5

Srope
12H  Ineqrator wh Intearatort rad2degt p

excited

deta_Pe Scopel

il
~J

GainZ

Scope2l

detal Vi

E
L
—
i

L Upss  deftay

H_inf cortroller

Figure 7. Simulation of the generator’s rotor angle stabilization system in Matlab-Simulink.

Assume that at time t = 3s, the input noise appears (shown in Figure 7 by step 2, step 3 and sin wave), after a grid
cycle it is lost [28]; busbar voltage Vs=1p.u (per unit); capacity S = 0.8+i0.6p.u; line impedance R.=0; X.=0.1p.u (Figure
2)

Rotor Angle of Generator Rotor Angle of Generator
34.4043 T T T 34.4043 - : - - - T
= With PSS (17th-order controller) e With PSS (17th-order robust controller)

ssessnns Nithout PSS

34.4043 34,4043

344043}
34.4043

34,4043}
34.4042 o

344043
34.4043 - -

34.4043 -

Degree

Degree

34.4043

344043

34.4043 . : | LA I L
o 2 4 6 8 10 12 14 16 18 20 WA, 2 4 6 8 10 12 14 16 18 20

Time (sec) Time (sec)

Figure 8. Generator’s rotor angle response 8 when using 17"-order robust controller [28].

(*) Comment: Figure 8 shows that: Without PSS, when input noise appears, the load angle will fluctuate a lot. With PSS
(17™-order robust controller), the load angle fluctuates slightly around the working point (the number of oscillations is
5), after 5 seconds of oscillations, the control system returned the generator rotor angle to the original state. The 17%-
order robust controller is capable of maintaining the stability of the generator rotor angle. However, using the 17™-order
controller results in complex control program codes, which can affect the response speed of the actual control system
and destabilize the system. Therefore, we aim to reduce the 17"-order controller to simplify the control program code
and ensure that the actual control system always maintains a stable balance.

4- Results and Discussion

The requirements for the order reduction problem are as follows: A low-order controller has as low order as possible.
The response of a control system using a low-order controller must match that of a control system using a 17-order
controller, or a control system using a low-order controller ensures stability when the system has oscillation.

To reduce the order of the controller, there are two basic solutions as follows:

Solution 1: Select the low-order controller with a fixed structure, then apply the optimal algorithms to select the low-
order controller parameters so that the response of the low-order controller matches that of the high-order controller.
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Solution 2: Applying the order reduction algorithms to simplify a higher-order controller results in a set of reduced-
order controllers. The lowest-order obtained controller that still satisfies the control requirements to stabilize the
generator’s rotor angle will be selected to replace the high-order controller.

In this paper, we choose Solution 2 to reduce the order of the 17"-order controller. Analysis of the 17"-order
controller's poles shows that the 17"-order controller has a pole of zero, so to reduce the order of the 17™-order controller,
it is necessary to use the order reduction algorithms for the unstable system. To reduce the order of an unstable system,
there are two basic methods: direct and indirect methods.

The group of indirect methods is developed from the group of order reduction algorithms for stable systems, so they
still use the mathematical tools of the order reduction algorithms for the stable system. However, these math tools cannot
work directly with unstable systems. To overcome this difficulty, the indirect method group offers two ways as follows.
The first method is to divide the system into two subsystems, which are stable subsystem and unstable subsystem. The
order of the stable subsystem will be reduced to obtain a low-order stable subsystem. Finally, combining the low-order
stable subsystem with the unstable one will receive a low-order unstable system. Finally, a low-order stable module and
a low-order unstable module are integrated to obtain a low-order unstable system. Typical algorithms for this approach
are the dominant pole retention algorithm (preserving dominant pole algorithm) [33], balanced truncation model
reduction [34-38]. Method 2 converts the system from unstable to stable, then applies the order reduction algorithms to
the stable system to obtain a stable reduced-order system, and then performs reverse transformation to transform the
stable reduced-order system to the unstable reduced-order system. This group's typical algorithms can include
Zilochian's balanced truncation algorithm [39], continuous-discrete mapping algorithm [40].

The direct method group, using mathematical tools, can perform direct order reduction of the unstable system without
having to separate or transform the system. This group's typical algorithms are Zhou's balanced truncation algorithm
[41], LQG balanced truncation algorithm [42].

Through analysis, we see that there are many solutions to reduce the order for an unstable system. Therefore, each
specific order reduction problem must compare and evaluate the order reduction results between solutions to choose the
appropriate solution. This article selects the most typical order reduction algorithm of the direct methods and the indirect
methods. The order reduction results of these methods will be compared to determine a suitable robust low-order
controller. Specifically, we choose the following algorithms: the dominant pole retention algorithm [33] (preserving
dominant poles), Zhou's balanced truncation algorithm [41], Zilochian's balanced truncation algorithm [39], continuous-
discontinuous mapping algorithm [40]. Applying the selected algorithms to reduce the order of the 17"-order controller,
we obtained the following results:

Table 1. The 4-order controller.

The order reduction algorithms The 4™-order controller

~92.89s* —1042s° — 4767s% —6.205.10*s +85.25
s* +43.89s% +717.7s% + 66515 —3.366.10™7

Dominant pole retention algorithm [33]

-92.89s* —912.8s% —6772s% — 4.80110%s —1.106.10*
s* +42.15% +701.452 + 6869s +1312

Zhou's balanced truncation algorithm [41]

-92.89s* —424s% — 753552 —2.483.10*s —3.513.10*
s* +36.7s% +552.552 + 4720s + 3923

Zilochian's balanced truncation algorithm [39]

-92.07s* —276.2s° — 7650s% —1.79.10* s — 6.131.10*
s* +34.165° +522.7s? +3701s + 7637

Continuous-discontinuous mapping algorithm [40]

The step responses and the bode responses of the 4™-order controller and 17™-order controller are plotted in Figures
9 and 10 as follows;

Figures 9 and 10 show that the 4™-order controller, according to the dominant pole retention algorithm, has the step
response and the bode response matching the 17™-order controller. Meanwhile, other techniques obtain a minor deviation
in the step response and the bode response compared to the 17™-order controller. Thus, it is possible to use the 4™-order
controller according to the dominant pole retention algorithm to replace the 17™-order controller.
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Bode Diagram Bode Diagram
70 50
17th-order controller 17th-order controller
60 4th-order controller (preserving the dominant poles) 40 — 4th-order controller (Zhou)
50 } 4th-order controller (Zilochian)
| 4th-order controller (continuous-discontinuous mapping)
| g | i
401 | T \ |
} o |
30 \ T3 Zoiu-u-un\'n—- FTVITT 7
| £ .
20{- e ‘ 49
i £ 10 N 4
10~ i i
oF | 4
or Il |
|
S0 1 1 4 0 A 01 10 S AT
360 360 F ‘E
315~ T 315~ T
270 - - = é’ 270 =
"\ g i\
2251 48 oosi- H
o
L s S~ —— S r—r—— S —
180 s o 180 i e ——— — e
10° 10° 10° 10” 10" 10° 10" 10° 10° 10* 10° 10” 10" 10° 10" 10° 10

Frequency (rad/s)

Frequency (rad/s)

Figure 10. Bode response of the 4"-order controller and the 17"-order controller.
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Table 2. The 3"-order controller.

The order reduction algorithms

The 3™-order controller

Dominant pole retention algorithm [33]

Zhou's balanced truncation algorithm [41]

Zilochian's balanced truncation algorithm [39]

Co

ntinuous-discontinuous mapping algorithm [40]

-92.89s° + 318452 —5.034.10% s —1.468.10°

s3

—26.29s? +548.95 +1.954.10*

-92.89s° —906.55% — 65185 — 4.763.10*

% +42.03s2 +696.4s + 6757

-92.89s% — 407.55% — 6853s — 2.386.10*

5% +736.52s2 +538.85 + 4446

-93.23s% —921.35% — 67465 — 4.933.10*

s® +42.65s% +693.65 + 7098

The step responses and the bode responses of the 3™-order controller and 17"-order controller are plotted in Figures

11 and 12:
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Figure 11. Step responses of the 3rd order controller and the 17th order controller.

From Figure 11, it can be seen that the step response of the 3"-order controller according to Zhou's balanced
truncation algorithm coincides with those according to the continuous-discontinuous mapping algorithm. These two
responses have a slight deviation from that of the 17™-order controller. Also, compared to the step response of the 17%-
order controller, the step response of the 3"-order controller according to Zilochian's balanced truncation algorithm has
a slight deviation. In contrast, the 3'-order controller's step response according to the dominant pole retention algorithm
has a considerable variation.
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Figure 12. Bode responses of the 37-order controller and the 17!-order controller.

From Figure 12, it can be seen that the bode response of the 3"-order controller according to Zhou's balanced
truncation algorithm coincides with those according to the continuous-discontinuous mapping algorithm. These two
responses have a slight deviation from that of the 17"-order controller. Compared to the bode response of the 17"-order
controller, the bode response of the 3"-order controller, according to Zilochian's balanced truncation algorithm, has a
slight deviation. In contrast, the 3"-order controller's bode response according to the dominant pole retention algorithm
has a huge deviation.

Thus, if we accept minor errors, we can use a 3'-order controller according to the continuous-discontinuous mapping
algorithm or Zhou's balanced truncation algorithm to replace the 17"-order controller.

Table 3. The 2"d-order controller.

The order reduction algorithms

The 2™-order controller

Dominant pole retention algorithm [33]

Zhou's balanced truncation algorithm [41]

Zilochian's balanced truncation algorithm [39]

Continuous-discontinuous mapping algorithm [40]

-92.89s% —842.85 —5288

s2 +11.745s—67.7

-92.89s% +521.25s — 4377

52 +26.66s% +178.7

-092.89s? +220.1s — 4576

s +29.11s? +336.2

-87.06s% —136.25 — 3781

s +27.585+519.3
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The step responses and the bode responses of the 2"-order controller and 17"-order controller are plotted in Figures

14

13 and 14;
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Figure 13. Step responses of the 2"-order controller and the 17™-order controller.
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Figure 14. Bode responses of the 2"%-order controller and the 17t-order controller.

10°

From Figures 13 and 14, we see that: Compared with the responses of the 17™-order controller, the bode response
and the step response of the 2"-order controller according to the continuous-discontinuous mapping algorithm have the
smallest deviation compared to those according to other algorithms. The bode response of the 2"-order controller
according to the dominant pole retention algorithm has a huge deviation compared to the bode response of the 17™-order
controller. Thus, if minor errors are acceptable, a 2"-order controller according to the continuous-discontinuous
mapping algorithm can be used to replace the 17™-order controller.
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Conclusion: Suppose we aim to obtain a low-order controller with the slightest deviation (deviation of step and bode
responses) compared to the 17™-order controller. In that case, we can choose the 4™-order controller according to the
dominant pole retention algorithm. Suppose you desire to receive a low-order controller with the smallest order and
accept minor deviations (deviation of step and bode response) compared to a 17™-order controller. In that case, we can
choose a 2"-order controller according to the continuous-discontinuous mapping algorithm.

(*) Compare the results of the controller order reduction with the results in Trung (2012) [28]
In Trung (2012) [28], the author performs order reduction of the 28™-order robust controller and obtains the 6"-order
robust controller as follows;
—92.89s° —485.15° — 7567s* — 2.809.10%s® —3.099.10%s* + 53,515 -1.722.10
s® +37.55° +566.95" +51365° +3410s” —2.187.10 s+ 3.506.10 %

The step responses and the bode responses of 6™-order controller [28], 2"-order controller and 4"-order controller
are plotted in Figures 15 and 16;
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Figure 15. Step responses of the 6M-order controller, 4"-order controller and 2"-order controller.
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From Figure 15, we see: The step response of the 6"-order controller [28] almost coincides with the step response of
the 4"-order controller according to the dominant pole retention algorithm. There is a difference between the step
response of the 2" order controller according to the continuous-discrete conversion algorithm and the step response of
the 6th order controller [28], in the time interval from t= 0.25s + 1s and t > 3.5s, but the difference is small. For other
time periods, the step response of the 2"-order controller according to the continuous-discrete conversion algorithm
matches the step response of the 6™-order controller [28].

From Figure 16, for amplitude characteristic, we see that: In the frequency range from o= 0.0973 + 4,07 rad/s, ® >
10.3 rad/s, the three controllers' amplitude characteristics coincide; In other frequency regions, the amplitude
characteristics of the three controllers have deviation. Especially in the low-frequency region, the amplitude
characteristic of the three controllers is considerable. For phase characteristics: In the frequency region o > 15.5 rad/s,
the frequency phase characteristics of the three controllers are almost identical; In other frequency regions, the frequency
phase characteristics of the three controllers are different.

Overall, the 2" and 4"-order controllers selected to replace controller 17th order controller have smaller orders than
those of the 6M-order controllers in Trung (2012) [28]. A lower controller level results in simpler control program code,
better response time, and real-time controllability.

4-1- Simulation Results

To evaluate the reduced-order controllers' efficiency, we use the reduced-order controllers selected in Section
Controller reduction to control the generator’s rotor angle stabilization PSS system (the rotor angle control system of
the generator). Using the 4™-order controller according to the dominant pole retention algorithm to control the
generator’s rotor angle stabilization PSS system, we obtained the simulation results, as shown in Figure 15.

Assume that at time t = 3s, the input noise appears, after a grid cycle it is lost.
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Figure 17. The rotor angle response of generator when using 17™-order controller and the 4™-order controller.

It can be seen from Figure 17 that: after 5 seconds of oscillations (the number of oscillations is 5), the control system
using the 4™-order controller returned the generator rotor angle to the original state. The 4™M-order robust controller is
capable of maintaining the stability of the generator rotor angle. Comparison of the rotor angular response of the
generator when using a 4™-order robust controller and when using 17"-order robust controller shows that: the two rotor
angular responses of the generator are coincident in the time interval from t =3 to 3.5s and t > 11s; The two rotor angular
responses of the generator have minimal deviations in the time interval from t = 3.5s-11s. The rotor angle response of
generator when using the 4™-order controller almost coincides with the rotor angle response of generator when using the
17"-order controller.
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Using the 2"-order controller according to the continuous-discontinuous mapping algorithm to control the rotor
angle of generator, we obtained the simulation results as follows:
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Figure 18. The rotor angle response of generator when using 17™-order controller and 2"-order controller.

From Figure 18, we see that using a 2"-order robust controller according to the continuous-discontinuous mapping
algorithm, the rotor angle control system of the generator returns the rotor angle to its original state after 3s (the number
of oscillations is 2). Using a 17"-order controller, the rotor angle control system of the generator returns the rotor angle
to its original state after 5s (the number of oscillations is 5). Comparison of the rotor angular response of the generator
when using a 2"-order robust controller and when using a 17"-order robust controller shows that: the two rotor angular
responses of the generator are coincident in the time interval from t =3 to 3.58s and t > 13s; The two rotor angular
responses of the generator have deviations in the time interval from t = 3.58s-13s. The rotor angle response of generator
when using the 2"-order robust controller deviates from that when using the 17"-order controller. The response quality
of the rotor angle control system of the generator when using the 2"-order controller is better (shorter response time,
less oscillations) compared to the rotor angle control system of the generator using a 17"-order controller. Thus, the
reduced-order controllers chosen to replace the 17"-order controller all meet the generator’s rotor angle stabilization
system requirements.

(*) Compare with the results obtained in Trung (2012) [28];
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Figure 19. Generator rotor angle response when using 17™ order robust controller and reduced-order controllers.
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When using the 6™-order controller obtained in in Trung (2012) [28], the rotor angle stabilization system of the
generator after 5s (the number of oscillations is 2) brought the rotor angle back to the original working point. The 6-
order robust controller is capable of maintaining a stable generator rotor angle. The generator rotor angle response when
using a 6th order controller according to Trung (2012) [28] coincides with those of using a 17"order robust controller
and almost coincides with those of using the 4"-order controller according to the preserving dominant poles algorithm.

Thus, all three controllers (61"-order controller [28], 4™order controller according to the preserving dominant poles
algorithm, 2" order controller according to the continuous-discrete conversion algorithm) can maintain a stable rotor
angle and be selected to replace the 17"-order controller. Comparing the performance of rotor angle response using three
controllers, we see that the 2"-order controller for the best rotor angle response quality. However, the 4™-order
controller, according to the preserving dominant poles algorithm, and the 2"-order controller according to the
continuous-discrete conversion algorithm have smaller orders than the order of the 6-order controller [28], so it will
bring more advantages to the real-time control system.

5- Conclusion

The paper has introduced a model of the generator’s rotor angle stabilization PSS system according to the theory of
RH.. A high-order RH. robust controller has been designed to keep the rotor angle of the generator stable with minor
disturbances. These minor disturbances are caused by a lack of damping torque, change in load, or change in a generator
during operation. However, high-order robust controllers often cause many difficulties in practical applications. The
paper has implemented order reduction of the high-order robust controller to overcome this disadvantage according to
model order reduction algorithms. Analysis of the high-order controller poles shows that the high-order robust controller
has a zero pole, so to reduce the order of the high-order robust controller, it is necessary to use model order reduction
algorithms for unstable systems. The article has implemented order reduction of high-order controllers by two basic
methods for unstable systems, direct and indirect methods. Through simulation, evaluation, comparison of the reduced-
order controllers according to two model order reduction methods, we have selected the most suitable low-order robust
controller (4™-order and 2™-order robust controllers) to replace high-order robust controllers. Simulation results of the
generator’s rotor angle stabilization PSS system using reduced-order controllers show that: The system stabilizes the
rotor angle with equivalent response times (4"-order controller according to the dominant pole retention algorithm) and
smaller (2"-order controller according to the continuous-discontinuous mapping algorithm) compared to when using
the high-order controller. In the next studies, we will use optimal algorithms to find low-order robust controllers that
meet the requirements of the generator’s rotor angle stability control problem.
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Appendix |

Parameter and calculate the parameters of the model of exciter, AVR and, generator;

Perunit = 1; % parameters given in per unit of machine base
Frated = 50;

Poles = 4;

Pfrated=0.9;

Vrated =18e3;

Prated=828315e3;

rs=0;

xd = 1.790;

xq = 1.660;

xls = 0.215;

xpd = 0.355;

xpq = 0.570;

xppd = 0.275;

xppq = 0.275;

Tpdo =7.9;

Tpgo = 0.410;

Tppdo =0.032;

Tppgo = 0.055;

H=23.77;

Domega = 2; %nonzero to account for damper winding not reprsented
KA =50;

TA =.06;

VRmax =1,

VRmin = -1;

TE =0.052;

KE =-0.0465;

TF=1.0;

KF =0.0832;

AEx =0.0012;

BEx = 1.264;

% Calculate base quantities

we = 2*pi*Frated;

wb = we;

wbm=wb*(2/Poles);

Shase = Prated/Pfrated,;

% Use peak values of phase quantites for voltage and current
Vbase = Vrated*sqrt(2/3);

Ibase = sqrt(2)*(Shase/(sqrt(3)*Vrated));

Zbase = Vbase/lbase;

re = 0; %for real part of ac thevenin's source impedance

xe = 0.1; % for imag part of ac thevenin's source impedance
Vi =1.0 + 0%j; % for phasor voltage at infinite bus

Si =0.8 + 0.6%]; % for delivered complex power (lagging Q>0)
le = conj(Si/Vi);

Eqge = Vi + ((rs+re) + (xg+xe)*j)*le;

Vte = Vi + (re + xe*j)*le;

deltat = angle(Vte);

delta = angle(Eqe);
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Eqo = abs(Eqe);

I = (conj(Ege)/Eqo)*le; % | = le*(cos(delta)-sin(delta)*j);
Igo = real(l);

Ido = -imag(l);

Vio = abs(Vi);

Vto = (conj(Eqe)/Eqo)*Vte; % Vto = Vt*(cos(delta) -sin(delta)*j);
Vqo = real(Vto);

Vdo = -imag(Vto);

mag_Vto =sqrt(Vgo*Vqo+Vdo*Vdo);

Sto = Vto*conj(l);

Eqgpo = Vqo + xpd*ldo + rs*1qo;

Edpo = Vdo - xpg*lqo + rs*1do;

Efo = Eqo + (xd-xq)*Ido;

delio = delta;

Pmecho = real(Sto);% initialize excitation variables

VR = KE*Efo;

Vs = Efo*KF/TF;

Vref =abs(Vto);

Dz = (re+rs)*(re+rs) + (xe + xq)*(xe + xpd);

% compute nonlinear gains in transfer functions

Vq_ratio = Vqo/mag_Vto;

Vd_ratio = Vdo/mag_Vto;

co = cos(delta);

si = sin(delta);

K1 = (Eqo*Vio/Dz)*(re*si + (xe+xpd)*co) + (Iqo*Vio/Dz)*((xq-xpd)*(xe+xq)*si - re*(xe-xpd)*co);
K2 =re*Eqo/Dz + Iqo*(1 + (xg-xpd)*(xe+xq)/Dz);

K3 =1/(1 + (xd-xpd)*(xe+xq)/Dz);

K4 = (Vio*(xd-xpd)/Dz)*((xe+xq)*si - re*co);

K5 = (Vio*Vq_ratio*xpd/Dz)*(re*co -(xe+xq)*si)+(Vio*Vd_ratio*xq/Dz)*(re*si + (xe+xpd)*co);
K6 = Vq_ratio*(1 - xpd*(xe+xq)/Dz) + Vd_ratio*xq*re/Dz;
Tdo_p=Tpdo;

Determine the transfer function of the model of exciter, AVR and, generator;
M=2*H;
Ka=KA;
Ta=TA,;

D=Domega;

al=[0 2*3.1416*50 0 0;-K1/M -D/M -K2/M 0;-K4/Tdo_p 0 -1/(Tdo_p*K3) 1/Tdo_p;-Ka*K5/Ta 0 -Ka*K6/Ta -1/Ta];

b1=[0;0,0;-Ka/Ta];
¢1=[0;1/M;0;0];

el=[0100];

d1=[1000];

s =tf('s");
S22=el*inv(s*eye(4,4)-al)*b1;
S21=el*inv(s*eye(4,4)-al)*cl;
S12=d1*inv(s*eye(4,4)-al)*bl;
S11=d1*inv(s*eye(4,4)-al)*cl;
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