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Coordinated Frequency Control for Isolated Power
Systems with High Penetration of DFIG-based
Wind Power
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Abstract—This paper proposes a coordinated frequency control
scheme for emergency frequency regulation of isolated power
systems with a high penetration of wind power. The proposed
frequency control strategy is based on the novel nonlinear
regulator theory, which takes advantage of nonlinearity of doubly
fed induction generators (DFIGs) and generators to regulate the
frequency of the power system. Frequency deviations and power
imbalances are used to design nonlinear feedback controllers
that achieve the reserve power distribution between generators
and DFIGs, in various wind speed scenarios. The effectiveness
and dynamic performance of the proposed nonlinear coordinated
frequency control method are validated through simulations in
an actual isolated power grid.

Index Terms—Frequency control, isolated power systems,
nonlinear feedback, nonlinear regulator theory, wind power.

NOMENCLATURE
ir, i, %  Current at rotor side control, grid side control
and terminal of DFIG.
Ude, Ut Voltage at DC link and terminal of DFIG.
Uy _ref, Voltage reference on rotor side control and grid
Ug_ref side control of DFIG.
Pom Mechanical output power of DFIG.
Cp(A,0)  Power coefficient of DFIG.
A Tip speed ratio of DFIG.
0 Pitch angle of DFIG.
P Air density.
A Blade swept area of DFIG.
R Blade radius.
Vi Wind speed.
Viate Rated wind speed.

VRsc—1im Wind speed limit for RSC.

Wy Turbine rotor speed.

Wlim Maximum of rotor speed.

M, D Equivalent inertia constant and load damping.

Manuscript received November 8, 2021; revised January 17, 2022; accepted
February 7, 2022. Date of online publication May 6, 2022; date of current
version November 22, 2023. This work was supported by National Natural
Science Foundation of China (U2066601).

X. Ding, J. Xu (corresponding author, email: xujian@whu.edu.cn), Y. Z.
Sun, L. Z. Yao and B. L. Mao are with the School of Electrical Engineering
and Automation, Wuhan University, Wuhan 430072, China.

W. Lin is with the Department of Electrical Engineering and Computer
Science, Case Western Reserve University, Cleveland, OH 44106 USA.

DOI: 10.17775/CSEEJPES.2021.08320

Frequency deviation.
Active power disturbance.
R; Droop control coefficient of generator .

AXq; Valve position deviation of generator 3.

Tru; Time constant of reheater 3.

APru; Output power deviation of reheater i.

Kypi Fraction of turbine power generated by high
pressure unit of generator .

APg; Output power deviation of steam turbine <.

Tai, Tri Time constants of speed governor ¢ and steam
turbine 4.

Pyresi Control input of generator .

Pyrefj Control input of DFIG j.

APy Electromagnetic power deviation of DFIG j.

x, T System state.

Y, Y System output.

u, u Control input.

w, W External signal.

e Error signal.

m(w), ¢(w) Solution of regulator equations.

K, K, Feedback gain matrices.

kgis kuw; Feedback gain of generator 7 and DFIG j.

kgi’ kwj

kpd, kpd Power distribution coefficient between gen-
erators and DFIGs.

kgai, ];gdi Reserve power distribution coefficient for

generator 4.

I. INTRODUCTION

UE to the growing demand of the power load and the

dwindling of fossil fuels, renewable energy, such as wind
power, has been widely used in the past decade. As a result,
installed wind power capacity has increased rapidly. By the
end of 2020, the installed wind power capacity in China
has already reached 281.53 GW, while the total electricity
generated from wind in 2020 reached 466.5 TWh, representing
34.6% and 15.1% increases, respectively, much higher than
in 2019 [1]. To promote the utilization of wind energy and
improve the economic benefit of industrial production, iso-
lated power systems have been constructed as an effective
solution in many countries, including China, Greece Denmark
and Israel [2]-[5], to name just a few. However, due to
the simple structure and disconnection from the utility grid,
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the system inertia of the isolated power system is much
smaller than that of the large power grid. Moreover, high
penetration of wind power integrated in the isolated power
grid may further deteriorate the system’s stability [6]. For
this reason, frequency control is one of the major issues in
the operation of isolated power systems [7]. On one hand,
high penetration of wind power would decrease conventional
power plants’ generation, which might deteriorate the system’s
fast frequency regulation ability [8]. On the other hand, wind
power fluctuation would introduce large power imbalances and
bring reserve management issues of conventional plants, which
have been a technical concern to the operators of isolated
power systems [9].

This paper studies extreme working scenarios (e.g., short
circuit faults) of the isolated power system with high wind
power penetration. Compared with wind power fluctuation,
such emergencies in the isolated power system are more likely
to lead to catastrophic results in frequency stability, as a result
of lacking sufficient primary frequency reserve capacity. The
frequency may collapse instantly when large active power
imbalance occurs between generation and load demand [10].

For conventional large-scale power systems, the common
approaches include active power regulation of governors [11]
and load shedding strategies [12]. They are, however, not par-
ticularly practical to ensure reliable and economical operation
for an isolated power grid. To reduce the impact on frequency
stability of the isolated power system, a common solution is to
use the energy storage system (ESS) to provide fast frequency
response [13], [14]. However, the ESS method is not cost
effective and it is neither practical nor economical to install
large-capacity ESSs in an isolated power system. To address
the emergency frequency control problem in the situation of
high proportion of wind power, we focus, in this paper, on
how to regulate thermal governors and wind turbines in a
coordinated manner.

In the existing literature, several researchers have investi-
gated the problem of how to maintain system frequency within
a normal range by controlling the wind turbine. In [15], the
active and reactive power output of DFIG wind turbines can
be controlled by using vector control techniques. [16] pointed
out that DFIGs have a potential in providing frequency support
if they work in a deloaded mode. Reference [17] made an
assessment about financial benefits and operational costs of
frequency support from wind farms in the future Great Britain
power system. In [18], the authors studied the inertia and
frequency responses of wind farms and proposed a governor-
like droop control scheme for wind turbines.

The coordination between the wind turbines and thermal
generators needs to be taken into consideration when designing
frequency control methods [19]. The coordinated frequency
regulation methods have been studied by many researchers.
In [20], a generic frequency controller including the transient
inertial response and the permanent droop-based response
was proposed to provide primary frequency reserve in the
actual power system of Rhodes Island, Greece. In [21], the
authors proposed a variable coefficient combined virtual inertia
and primary frequency control strategy for DFIGs and diesel
generators in a microgrid. A coordinated active power control
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strategy for wind turbines is designed in [22] to improve the
performance of automatic generation control (AGC) by setting
power command signals. These control methods basically
applied PI and PID controllers to achieve control objectives.
However, the parameters of the PI and PID controller are not
easily determined, especially under the variable wind speed
scenarios, likely resulting in poor dynamic performance. In
addition, the PI and PID controllers are not effective in dealing
with inherent nonlinearity of DFIGs. For the isolated power
system with high wind power penetration, how to compensate
the affect caused by the strong nonlinearity of DFIGs is a
critical issue that must be considered to achieve effective
frequency regulation.

Several researchers have applied model predictive control
(MPC) instead of the PID control to improve the dynamic
performance. [23] proposed an MPC-based coordinated con-
trol strategy of wind turbine pitch angle and plug-in hybrid
electric vehicles for load frequency control of microgrids.
In [24], the authors presented a hierarchical distributed MPC
strategy to realize coordination power dispatch in a standalone
wind-solar-battery hybrid power system. In [25], a coordinated
energy management based on distributed MPC of heteroge-
neous energy resources was given to optimize the performance
of microgrids and reduce the operation costs. Although MPC
controllers are capable of achieving satisfactory performance,
they rely heavily on the online optimization algorithms whose
computational burden significantly increases when the dimen-
sion of the power system increases.

To avoid the complexity of optimization algorithms, we
aim in this paper at developing a linearization-based nonlinear
regulator method for the coordinated frequency regulation of
an isolated power system with high wind power penetration,
which takes the strong nonlinearity of wind turbine into
account. The linear regulator theory has been applied for
the controller design, leading to satisfactory dynamic perfor-
mance [26], [27]. In [26], the authors proposed a generator
excitation voltage control scheme based on the linear regulator
theory for the emergency frequency regulation in an isolated
power system. A demand side control based on the output
regulation theory has been more recently developed in [27],
for smoothing the short-term power fluctuation in industrial
microgrids. In this research, based on the nonlinear regulator
theory, a coordinated frequency control method is derived from
the load frequency control model of the isolated power system,
which is used to restore the frequency to a normal value when
a large active power imbalance occurs in the isolated power
grid with high wind power penetration.

The main contributions of this paper are summarized as
follows:

1) A coordinated frequency control model combining gen-
erators and DFIGs is proposed for the isolated power system,
which is applicable to scenarios under different wind speeds.

2) The problem of coordinated frequency control is formu-
lated as a nonlinear regulator problem. Using the regulator
theory, frequency controllers are designed in this paper. The
proposed control scheme uses only the signals of frequency
deviation and power imbalance. It is effective in increasing fast
frequency regulating capability of the isolated power system
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and restoring the frequency to a normal value. In addition, the
proposed frequency controller is also robust against the wind
speed fluctuation.

The remainder of this paper is organized as follows. Sec-
tion II describes frequency control problems in an actual
island power system with high penetration of wind power.
The frequency control model of the power system is presented
in Section III. Section IV introduces a coordinated frequency
control method based on the nonlinear regulator theory and
its design procedure. The simulation results conducted on
the actual isolated power system are presented in Section V.
Conclusions are given in Section VI.

II. FREQUENCY CONTROL ISSUES OF THE ACTUAL
ISOLATED POWER SYSTEM WITH WIND POWER

In this paper, an isolated industrial power system, which has
been constructed for aluminum production in Inner Mongolia,
China [8]-[10], is considered as a case study. Due to the
rich wind energy and coal resources in Inner Mongolia, the
local government plans to develop the electrolytic aluminum
industry. The electric power and energy balance of the system
and the economic efficiency have been analyzed in [28].
Based on the techno-economical assessment, constructing the
isolated power system for all electrolytic aluminum production
is feasible and profitable. Thus, a wind-coal supplied isolated
power system consisting of 1800 MW thermal generators,
800 MW wind turbines, 1390 MW electrolytic aluminum loads
and 40 MW heating loads has been constructed as shown in
Fig. 1. The installed capacity and power demand of thermal
generators, wind farms and loads are listed in Tables I and
Table II, respectively.

There are eight coal-fired generators with total capacity of
1800 MW and two 400 MW DFIG-based wind farms. In terms

1 2 Heating Loadl

— 20MW 13
1oomw G)—H-CD—

3
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TABLE I
INSTALLED CAPACITY OF THERMAL GENERATORS AND WIND FARMS

G1/G2 G3/G4 G5/G6 G7/G8 WI1/W2
100 MW 150 MW 300 MW 350 MW 400 MW
TABLE I

POWER DEMAND OF ELECTROLYTIC ALUMINUM LOADS AND
HEATING LOADS

Aluminum  Aluminum  Aluminum Heating Heating Heating
Load 1 Load 2 Load 3 Load 1 Load 2 Load 3
330 MW 420 MW 640 MW 20 MW 10 MW 10 MW

of installed capacity, the penetration of wind power reaches to
30.8%.

The system frequency response (SFR) model in [29] is
adopted to estimate the frequency behaviour of the isolated
power system in response to power disturbances, such as wind
power fluctuation, thermal generator tripping or load shedding.
The block diagram of the SFR is shown in Fig. 2 and the
equivalent parameters of the isolated power system in the
SFR model are listed in Table IIl. The identification process
of the equivalent parameters has been introduced in detail
in [10]. Psp, P,,, P. are the incremental power set point,
turbine mechanical power and generator electrical load power,
respectively. Aw is the incremental speed. Fy, TR are the
fractions of total power generated by the HP turbine and the
reheat time constant. K, is the mechanical power gain factor.
H, D, and R are the inertia constant, damping factor and
droop control coefficient, respectively.

A typical working situation for generators and wind farms
is shown in Table IV. Per the requirements of power system
security, such as the “N — 1” rule, power imbalance between
generation and demand may occur in some extreme scenarios.
For example, if one of thermal generators G5 is out of service
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Fig. 1. The structure of an actual isolated power system.
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Fig. 2. The block diagram of the SFR model.

TABLE III
EQUIVALENT PARAMETERS OF ISOLATED POWER SYSTEM IN THE
SFR MODEL
Tr H Fy D R Km

1.205 1246 0.077 1.000 0.050  0.820

TABLE IV
OUTPUT POWER OF GENERATORS AND WIND FARMS

G1/G2 G3/G4 G5/G6 G7/G8 WI/W2
584 MW 872 MW 1685 MW 1954 MW  210.8 MW

due to short circuit fault, this can lead to a huge active power
imbalance of 168.5 MW in the isolated power system. The rest
of the thermal generators are able to provide primary frequency
reserve as 75 MW (5% of the installed capacity). Att = 2 s,
the line between G5 and the Bus 9 is broken, which causes
G5 to trip off from the system. The initial variance ratio of the
frequency, d f/dt|;—, s, is 4.426 Hz/s. The frequency response
curve of the isolated power system is shown in Fig. 3(a). The
system frequency drops down to a nadir of 48.5 Hz in seconds
and finally keeps steady at 49.5 Hz.

Load shedding is not practical for electrolytic aluminum
loads because it can only be shed as a whole part. The power
demand of three aluminum loads are 330 MW, 420 MW and
640 MW, respectively. The frequency response curve after
shedding aluminum load 1 at ¢ = 2.5 s is shown in Fig. 3(b).
The peak of the frequency is 50.75 Hz when the aluminum
load 1 is shed at 0.5 s after the emergency occurs, which may
result in activation of the generator over-frequency protection

| |df/di|=4.426Hz /s
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Fig. 3. Isolated power system frequency results. (a) Isolated power system
frequency when G5 is out of service. (b) Isolated power system frequency
after aluminum load1 is shed.
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and system collapses. Obviously, it is difficult to maintain the
stability in a transient state. The reasons are summarized as
follows:

1) The capacity of a single generator or load is too large
compared to the total installed capacity. The wind power
penetration is 30.8% of total generation capacity. The primary
frequency reserve power from generators is not enough for the
large power imbalance. The fault of one load or generator will
dramatically impact the power balance in the isolated power
system.

2) The inertia of the system is very small due to the
disconnection with the utility power grid, leading to frequency
collapse in a very short time.

In order to keep stable and safe operations for the isolated
power system with such extreme scenarios, the following
emergency control schemes may need to be applied:

1) Construct a tie-line between the isolated power system
and utility power grid. As a result, active power imbalance
can be compensated by public power companies to main-
tain the frequency stability. However, the huge electricity
cost ($9.14 million per year) and additional charges for the
construction and maintenance have to be paid by industrial
consumer [26]. Therefore, such a scheme is not financially
sound nor practically feasible.

2) Decrease the active power consumption of aluminum
loads. The reason why the load shedding is not practical for
aluminum loads has been analyzed above. Since an electrolytic
aluminum load can be modeled as a voltage-dependent load,
the papers [9], [10] have studied voltage regulation on the
demand side, to reduce the power demand of the electrolytic
aluminum load. In this way, the power imbalance in the iso-
lated power system can be compensated. Although the voltage
regulation is an effective method, the quality of production is,
to a certain extent, compromised.

In view of the drawbacks of the control methods discussed
above and high wind power penetration (30.8% of total
generation capacity with strong nonlinearity) in the isolated
power system, we propose in this paper a frequency control
scheme from a generation side and nonlinear perspective.
Previous studies have demonstrated the possibility and po-
tential of frequency regulation by using variable speed wind
turbines (e.g., DFIGs) [30]-[33]. By comparison, this study
concentrates on the development of a coordinated frequency
control approach that combines thermal generators with DFIGs
in extreme scenarios, e.g., one with generators being out of
service. We focus on the issue of how to compensate the active
power imbalance more effectively in the presence of strong
nonlinearity caused by wind power. In particular, a nonlinear
coordinated frequency control scheme is developed, based on
the nonlinear regulator theory, which is to be introduced and
reviewed in Section IV.

III. ISOLATED POWER SYSTEM MODELLING

To develop an effective nonlinear coordinated frequency
control scheme, we build in this section a dynamic model
for the isolated power system with high penetration of wind
power (DFIGs). In particular, an aerodynamic model and
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the operational characteristics of wind turbines are presented.
Then, a load frequency control model is derived to integrate
the generators and DFIGs in the isolated power system, which
serves as a foundation for the development of frequency
regulation nonlinear control strategies presented in Section IV.

A. Rotor Speed Control (RSC) and Pitch Angle Control (PAC)

Generally, a wind farm can be represented by an aggregated
model of a DFIG wind turbine, which has been a typical
modelling method for power systems with high penetration
of wind power [34]. The structure of a grid-connected DFIG
wind turbine and control system is shown in Fig. 4.

e AC/DC DC/AC T
i O i Converter Converter ! Power
-0} = T ! Grid
Gearbox , JK} T JK} T i
. P - ! —
ie wri ir i Up ref : i Uge :ugiret : . i it’ Uy
N i
i_ i DFIG Control System ’:_J_ _g__J

i, 1,,i;: Current at rotor side control, grid side control and terminal
uge,u,: Voltage at DC link and terminal

u, ¢ Voltage reference on rotor side control and grid side control

r_ref> u g_rel

Fig. 4. A typical configuration of a DFIG.

It is known that the mechanical output power of wind
turbine Py, is expressed by (see, for instance, [35])

1
Py = 5(JP(A,e)pAVVlj (1)

Y
A= w.R/Vi 3)

. 1 0035\
C\A+0.080 63 +1

where p is the air density, A is the blade swept area, V,, is the
wind speed, and C}, (), 6) is the power coefficient defined by
(2), with the parameters ¢; = 0.5, co = 116, c3 = 0.4, c4 =
0,c5 =2, ce =35, c; = 21 [35]. The coefficients \ and 6 in
(2) are the tip speed ratio and pitch angle, respectively. \ is
expressed by (3), where w, and R are turbine rotor speed and
blade radius.

Figure 5(a) shows the curves of Py, with w, at various
pitch angles (61, 6> and 63). The green curve indicates that a
wind turbine is operated under maximum power point tracking
(MPPT) mode, and thus there is no participation from the wind
turbine for frequency regulation. However, compared with a
wide-area grid, an isolated power system, especially with high
percentage renewable energy, is more vulnerable to power
disturbance. In such a case, it is required that the wind turbine
works under deloaded operation to provide a power reserve for
frequency regulation [30]. The wind turbine may be deloaded
by working at the left side (point C') or right side (point B)
of the maximum power point A. The left operation point is
unstable and likely to cause the turbine to stall when the grid
frequency drops [36]. Thus, it is supposed that the wind turbine
operates at the right side to provide power reserves. In this

Co(N\,0) =1 (C2 — 30 — 0 — 06> e~ /N (2)

“4)
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del - ——— — — ——
¢ Deloaded
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' >
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Pim MPPT  10% Deloaded

A VIZVRSC lim~ V27 V37 Vg

(b)

Fig. 5. The mechanical output power of wind turbine. (a) MPPT and deloaded
power curves of wind turbine at certain wind speed. (b) 10% deloaded
operation power curve with a rotor speed constraint.

paper, a deloaded margin of 10% is considered for DFIG, as
demonstrated in Fig. 5(a).

Normally, the rotor speed reaches its maximum wy;y, (usu-
ally 1.2 p.u.) at the rated wind speed V;,te, i.€., the power of
the wind turbine is able to be at rated capacity. As discussed
above, a deloaded margin of DFIGs (generally set as 10%) is
essential to the fast frequency regulation from DFIGs in the
isolated power system.

RSC is aimed to track the power command through regulat-
ing rotor speed while the pitch angle is fixed. The rotor needs
to absorb extra energy to increase its speed, which may result
in a drop of the output power. In this case, the rotor speed
varies in certain ranges when RSC is activated. Specifically, let
us take the power curve at vo as an example shown in Fig. 5(b).
When the rotor speed accelerates from w,( to its upper limit
wWrlim, output power decreases from P, to Pj,. Assuming that
under certain wind speed Vrgc.1im (Wind speed limit for RSC),
the wind turbine is permitted to work at 10% deloaded margin
operation at w,i, by only applying to RSC. When the wind
speed is higher than Vgrsc.im, the output power regulated by
RSC would reach its limit with the rotor speed reaching w;jim.
For instance, for the power curve at V7 in Fig. 5(b), the output
power cannot be tracked to the value lower than P, using only
RSC.

To overcome the limitation of RSC, PAC has been consid-
ered as an alternative strategy to further regulate the output
power by adjusting the pitch angle. Fig. 5(a) implies that
the output power is lower when the pitch angle increases.
Therefore, when the wind speed is higher than Vgsc.jim, PAC
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is able to effectively regulate the output power to satisfy the
requirements of a deloaded operation when w;;, reaches its
upper limit. The characteristics of the aforementioned two
control methods are quite different. In terms of response, RSC
is better because the output power decreases smoothly with
less time in a narrow range. By comparison, PAC provides
a wider regulating range of the output power and a slower
response due to the characteristics of pitch angle systems.

In view of discussions so far, we propose in this study to
combine RSC with PAC under various wind speed V,,, based
on the following principles.

1) Low wind speed (Vi < VRSC-1lim):

Implementing RSC is sufficient to the requirement of 10%
deloaded margin operation.

2) Medium wind Speed (VRSC—lim < Vw < V;‘ate):

RSC is activated to maintain the rotor speed in upper limit
wiim (1.2 p.u.), while PAC is applied to further regulate the
output power for guaranteeing 10% deloaded operation.

3) High wind speed (Vi > Viage):

In this case, the rotor speed reaches wyy,. Thus, PAC is
applied to keep wind turbine operating at deloaded mode.

Using the principles listed above, we shall develop a co-

CSEE JOURNAL OF POWER AND ENERGY SYSTEMS, VOL. 10, NO. 4, JULY 2024

ordinated frequency control model of generators and DFIGs
under various wind speeds in the next subsection.

B. Load Frequency Control (LFC) Model of Isolated Power
System

Considering an isolated power system that contains m
generators and n DFIG-based wind turbines as shown in
Fig. 6, a block diagram of the LFC model is given.

In Fig. 6, M and D are the equivalent inertia constant
and load damping constant of the power system, respectively.
Af is the frequency deviation in the power system. The
power disturbance is represented by APp. Areas 1 and 2
represent the control model of conventional generators and
DFIG-based wind turbines, respectively. For the i-th generator,
R;, Pyreri and AXq; are the droop control coefficient, control
input and valve position deviation. Tgy; and A Pgry; are the
time constant and the output power deviation of reheater.
Kuyp; is the fraction of turbine power generated by the high
pressure unit. APg; is the output power deviation of the
steam turbine, with the maximal value APgimax and the
minimal value APgimin. Tq; and Tr; are the time constants
of the speed governor and steam turbine. For the j-th DFIG,

A)(Glmax AP(ilmax
Area 1 Pyreri 1 AXg [ 1 APyt 1+5Kypy Truy APGIAPD
Generators 1+5Tg, 1+sT)7 1+sTrp e
XGm APGI min 1 Af
Pyer 1R, i Ao\ ) 6D
AP +
+ AXGm max APGmmax
Prefim ( B ) 1 AXGm/— 1 45K Trim | [
1+5Tg, AXJ 1+5Th,, 1+5Trptm
Gm min APGm L
Aljwlmax + P
P, wrefl 1 APWG] @ wel 1w 1
Area 2 1457, " Tyy18
+
DFIGs APwlmin Pwel,O
1 Piymi
P 5Cp (0, 2) pAV3 T Vo, :
Ji
APWH max 1 AP + P
v wen - wrn
Puret J/_ 1+5T, O R T_'@_' T1 s
SLywn wel + Jwn*
P wn min APWC]’O\ﬁ )
Deloaded Operation
r--r-r—-——7—7—""7"""~"""7" T m e A
| |
| w |
: m + 5 Km 1 :
| _ S 1+s Tm |
| Drmlim !
| 1 | P, T
: Rotor Speed Control ECP (0, 4y) pAV3, ! S Veog, |20
| |
1Py 1 I
| ‘mn z Kpn |
| N 1 +STpn |
| P !
| Pitch Angle Control |

Fig. 6. LFC model of isolated power system.
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the control input is Pyyefj, With the maximal and minimal
values expressed as APyjmax and APyjmin. APye; is the
electromagnetic power deviation of DFIG.

As discussed in subsection A, when the wind speed V.,
is lower than Vrsc.im, RSC is adopted to realize deloaded
operation of the wind turbine, while PAC is employed when
Vi 1s higher than Vgsc.iim. The state space models under
various wind speeds are developed as follows.

Case 1: Vi < VRSClim

In this case, only RSC is implemented to adjust the output
power of DFIGs. According to Fig. 6, the rotor equation of
DFIGs is described as:

1 1

——— (AP +Pwe,’ + —

Py (wrj, 05)
(5)

where Pyyj(wrj,0;) is the mechanical output power of the
j-th DFIG, given by the nonlinear equations (1)—(4).
Define Awy; as

wrjwrj =

2 2
Awyj = wy; — wrjo (6)

Thus, its derivative is given by:
2

2
Ad}rj = _TAPWEj + = [Pwmj(Awrj, AQJ)

- Pwej,O}
Jwj Tij

(N
Since no PAC is involved in a low wind speed scenario,
Af; = 0. As a result, the state space model of the isolated
power system is described by:
Af=-BAf+ LAPg + APy — 4 APp
5 1 1 Fip;
APgi = =7 —APqi + (m - %) APru;
AR AXG
APru; = —%NAPRHi + %ﬂAXGi

(®)

(s — 1 _ 1 R .
AXGz - Tcl;iRi Af TGf AXG1 + Taq Pgrofz
prej = _TMAPwej + ﬂpwrefj

. _ 2 )

Awrj = _mpreJ

+%w; [Pwmj (Awrj, Aé)j) — chj,O]

Case 2: Vi > VRSC-lim

When V,, is higher than Visc.im, PAC is implemented to
maintain the deloaded operation of DFIG. For this reason, the
following equations need to be added into (8), i.e.,

Opj = kipj (Pamj(Dwrj, A0j) — Pyej) ©)
- 1 1

A= —— A + —0,; (10)
J ij J ij pJ

Combining (5) and (6), (9) can be rewritten as:
O = WTMA“U' (11)
Because the initial states Aw,;(0) = 0 and 6,,;(0) = 0, (11)
is simplified as:

_ i Thw o

boj = =5 (12)

Wrj
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Consequently, (10) reduces to:
. 1 kpiTrwg
AfG; = ———A0b,; PIZ T Ay 1
’ Ty; i 2T} “ (1

Therefore, the state space equations of the LFC model of
the isolated power with medium and high wind speeds are
described by (8) and (13).

In summary, (8) and (8)—(13) are the nonlinear coordinated
frequency control models under different wind speeds, which
have considered the strong nonlinearity caused by wind power
generation (see (1)—(4)) in the isolated power system.

IV. COORDINATED FREQUENCY CONTROL SCHEME BASED
ON NONLINEAR REGULATOR THEORY

To design the coordinated frequency control scheme, we
take frequency deviation A f as the output value of the control
system. The power disturbance APp is considered as an
external disturbance signal. The aim of the coordinated fre-
quency control scheme is to increase fast frequency regulation
ability and restore the frequency to the normal value (i.e.,
Af = 0) when APp exists in the power system (8) (low
wind speed) or (8)—(13) (medium or high wind speed). Due
to the high penetration of DFIG-based wind power, the LFC
model (8) or (8)—(13) presents a strong nonlinearity. In the
presence of the disturbance A Pp and strong nonlinearity in (8)
or (8)—(13), the coordinated frequency control is formulated
as a nonlinear regulator problem, as shown in subsection C.
Consequently, we can solve the frequency regulation problem
for the nonlinear system (8) or (8)—(13) based on the nonlinear
regulator theory [37]. The solution for the nonlinear regulator
problem is to design the feedback controller to achieve control
goals. In terms of the coordinated frequency scheme in the
isolated power system, we need to find a practically feasible
frequency controller for coordinating thermal generators and
DFIGs when large power imbalance exists. By using nonlin-
ear regulator theory, a coordinated frequency control scheme
with the feedback control signals including Af and APp is
developed, in which the details are shown in subsection C.

With this idea in mind, we first review in this section the
nonlinear regulator theory and show how it can be applied
to design coordinated frequency controllers for the power
systems (8) and (8)—(13).

A. Nonlinear Regulator Theory

Consider a power system that is described by a set of
nonlinear differential equations of the form:

& = f(2) + gl@)u + plx)w
w = S(w)
e = h(z) + q(w)

(14)

where the first equation describes a controlled plant with the
state * € R, control input w € RP and external signal
w € R®. The second equation represents the disturbance (resp.
reference) signals to be rejected (resp. tracked), generated
by an exosystem. The third equation defines the error signal
e € R? between the output y = h(x) and the reference

Yr = _q(w)'
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The control objective is to find, if possible, a full-infor-
mation feedback controller of the form:

u = a(z,w) (15)

such that the following two requirements are satisfied:

i) local asymptotical stability. When w = 0, the system
& = f(x) + g(xz)a(x,0) is locally asymptotically stable at
the equilibrium « = 0;

ii) error regulation. When w # 0, for all initial condi-
tions (a9, wo) C U that is a neighborhood in X x W of
(z,w) = (0,0), the closed-loop system (14)-(15) satisfies
limy o0 €(t) = limy— o0 (R(2(t)) + g(w(t))) = 0.

To solve the nonlinear regulator problem, the following two
assumptions are required.

Al) w = 0 is the Poisson stable equilibrium of w = S(w).

A2) The linearized system & = Ax + Bu is stabilizable,
where A = [0f /0x]z—0 and B = g(0).

With the help of the assumptions above, a necessary and
sufficient condition can be derived for the solvability of the
nonlinear regulator problem [37].

Proposition 4.1: Under Al) and A2), the output regulation
problem is solvable by full-information feedback if and only if
there exists C*(k > 1) mappings = 7 (w), with 7(0) = 0,
and u = c(w), with ¢(0) = 0, both defined in a neighborhood
W, C W containing origin, satisfying the regulator equations

on

F > (W) = Flm(w)] + glm(w)]e(w) + plm(w)w  (16)
0 = hlm(w)] + g(w) (17

As a consequence, the following feedback controller
u=al@,w) = cw)+ Kz —mw)] (18

solves the nonlinear regulator problem, i.e., the goals i) and
ii) are achieved.

The gain matrix K in (18) is selected based on the pole
assignment, so that all the eigenvalues of A+ BK are located
on the open left-half plane. On the other hand, 7 (w) and ¢(w)
are solved from the regulator equations (16)—(17).

B. Controller Design Procedure

The frequency controllers for the power system (8) or (8)—
(13) can be designed via Proposition 4.1. For the convenience
of the reader, we present in this subsection a design algorithm.
In the next subsection, we shall apply the algorithm below to
find the coordinated frequency controllers.

1) Check the assumption Al) for the power system (8) or
(8)—(13). Because the disturbance APp is the imbalance of
active power, and thus a constant. Then, w = APp satisfies
w = S(w) = 0, i.e., the exosystem is a Poisson stable. In
other words, the assumption A1) holds in this paper.

2) To check the assumption A2), one needs to find the
linearization pair A = [0f/0x|z—0 and B = g(0) of the
power system (8) or (8)—(13), and then use the PBH test below
to compute the rank condition:

Rank([ul — A B]) = Ndim (19)
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where ngiy is the dimension of the power system (8) or (8)—
(13) and p is every eigenvalue of the matrix A sitting on the
closed right-half plane.

3) If A1) and A2) hold, a pair of solutions 7(w) and c(w) is
obtained by solving the regulator equations (16)—(17). Notably,
the partial differential equation (PDE) (16) can be dramatically
simplified because S(w) = 0. As a result, the PDE (16)
reduces to a nonlinear algebraic equation:

0 = flm(w)] + glr(w)]e(w) + plr(w)lw  (20)

Thus, solving 7(w) and ¢(w) becomes a relatively easy
task. See subsection C for details.

4) Find the gain matrix K by the pole assignment [38] such
that all the eigenvalues of the matrix A + BK are located on
the open left-half plane.

5) Use the functions 7(w) and ¢(w) obtained from Step 3)
and the gain matrix K from Step 4) to construct the feedback
controller (18).

Although the feedback controller (18) solves the frequency
regulation problem, it is impractical and not implementable
because it requires that all the components of the state & in
the power system (8) or (8)—(13) be measurable. To realize
the proposed frequency control scheme, we need to refine the
feedback controller (18) by using measurable signals only to
obtain a practical feasible controller.

6) For the normal operation of the isolated power system
(8) or (8)—(13), note that the nonlinear system (8) or (8)—(13)
is locally stable without control. Indeed, all the eigenvalues
of A are located on the open left-half plane. Thus, one can
take advantage of this nice stability property of the system (8)
or (8)—(13) by replacing K with a more specific gain matrix
K (see subsection C for details) that meets simultaneously
two requirements: a) A+ BK is Hurwitz; b) only measurable
components of the state  are used for feedback. In this paper,
we construct a realizable feedback controller as:

u=c(w)+ K[z —nw(w)] = K;y+ew) (1)

The feedback signals in (21) include t he frequency devia-
tions A f and power disturbance A Pp, which are measurable.
Due to the structure of the isolated power system shown in
Fig. 1, active power imbalances can be measured directly.
Compared with (18), the controller (21) is implementable and
practically feasible. However, the controller (21) cannot place
the poles of A+ BK arbitrarily nor significantly improve the
system stability margin. Nevertheless, it does guarantee all the
eigenvalues of A + BK are on the open left-half plane, and
thus still achieves frequency regulation with internal stability
for the nonlinear power system (8) or (8)—(13) locally.

Figure 7 demonstrates the detailed block diagram of the
control scheme design procedure.

C. Frequency Controllers in Various Wind Speeds

To design a feasible frequency controller (21) for the actual
isolated power system in Fig. 1, we must solve the functions
7m(w) and c(w) from the nonlinear algebraic equations (20)
and (17). In this subsection, we first design the coordinated fre-
quency controller for a simple power system with only a single
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Disturbance Signals (described by w s (w))

N =+
h) )

e Error
Signals

u=a(x,w)=Ky+p ()

Fig. 7. The block diagram of the control scheme design procedure.

generator and single DFIG. Due to the simple configuration
and one-way power flow characteristic of the isolated power
system, the frequency controllers for multiple generators and
DFIGs can then be deduced.

Case 1: Vi < VRSClim

This is the case when wind speed is low. In this case, the
power system (8) is of the form (14), where the state © = [A f,
APgi, APrpi, AXGi, APyej, Aw,j|T € RY3m+20 ) control
input ©u = [Pgrcfi,PWrij]T € R™'", external signal w =
APp € R, output y = Af € R and the vector fields

I —DAf+ H5APG + AP T
- TRlHi APgi + (TRlHi - %) APry; + };I’friz AXa
flz) = _%mlAPRHi + iAXGi
" TciR; Al‘f - EAXGi
_T“prcj
| — 7 APucj + g [Pumj (Awrj, A85) — Puejo] |
0 0
0 0
— B = 0 0 R(1+37n+2n) X (m+n)
0 1/Ty
0 0
1 T
p(x)=E=|-=—,0,0,0,0,0/ € RUI+3m+n)

M
q(w) =0
h(x) = Cz,C = [1,0,0,0,0,0] ¢ R\*(1+3m+2n)

For the simple power system with only a single generator
and single DFIG, m = n = 1. Following the design procedure
in subsection B, it is easy to verify that the power system (8)
in low wind speed satisfies assumptions Al) and A2). Letting

& =7 = [m(w), m2(w), m3(w), T4 (w), w5 (W), 76 (w)] "

u = c(w) = [c1(w), ca(w)]*

and substituting them into eqn. (20) and (17), we obtain
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Because the solution is not unique, set mg(w) = kpqw,
where kpq is a power distribution coefficient between genera-
tors and DFIGs. Then,

= 7T3(IU) = ’/T4(’LU) =w — [Pwm(kpdwa 0) - PWC,O]
- Pwe,Oa 7"-G(U}) = kpdw

= ma(w), ca(w) = m5(w)

(22)

Next, we find the gain matrix K to construct the feedback
controller (21). Using the special structure of the power system
(8), K associated with only frequency deviations is denoted
as K, = (kgi,kwj)T, where kg; and k,; are the feedback
gains of generators and DFIGs, respectively. Note that in
frequency response, generators are usually involved with droop
control. Thus, k,; can be simply designed as 0, while ky,; can
be obtained by a n Interval Linear Matrix Inequality (ILMI)
method [39]. In the feedback controller (21), K = K,C and
p(w) = c(w) — K;Cr(w).

Finally, we use the solutions (22) to get a frequency con-
troller for the simple power system (8) in low wind speed as:

Pref = |:£greff:|

_ |:k0 :| Af+ |:APD - [Pwm(kpdAPDvo) - Pwe,O]

23
Pwm(kpdAPDy O) - Pwe,O ( )

Similarly, by introducing the reserve power distribution co-
efficients for generators kgq;, the active power reserve provided
by the generators can be allocated by the value of Kgq;.
Thus, by following the design procedure mentioned above,
the frequency controller for the power system with multiple
generators and DFIGs can be deduced as:

Pgrefl | 0
_ Pgrefm _ 0
Pref B Pwrefl N kwl Af+
_Pwrefn_ _kwn_

kgar {APD — i1 [P(kpajAPD,0) — Pwej,o}]

aam [ AP = 27 [P(kpaj APD,0) = Paciol
Pwml(kpdlAPD7 0) - Pwel,O

Pwmn(kpdnAPDv 0) - Pwen,O |
(24)

Case 2: Vi > VRSC-lim
This is the case when wind speed is medium or high. The
power system (8)—(13) is again described by (14), where the

state € = [z, Af;]T € RY3mT3" control input @ = wu,
external signal w = w, output ¥y = y and
: f(@)
f(fi) = 1 kpi Tyw
— 7, 805 + T A
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g(z)=B=B
1 T
p(£) = E = |—=—,0,0,0,0,0,0 RIT3m+3n
p(w) M7 ) b b b ) e
g(w)=0
h(z)=CZz, C =[1,0,0,0,0,0,0] € R*(1+3m+3n)

The design procedure of the frequency controllers for the
power system (8) and (13) in medium and high wind speeds
can be repeated, in a manner similar to Case 1. However, there
are some differences in Case 2.

In Case 2, the state  and u are given by:

& = [71(D), To (D), T3(D), Ta (D), 75 (D), 76 (D), 77 ()]

Solving the regulator equations (20) and (17), we obtain:

#1() = 0

76(D) = kpat, T7(0) = kpa -2
¢ (W) = 7o (W), éa(w) = 75(W) (25)

Consequently, for the medium and high wind speeds, the
frequency controllers for the power system (8) and (13)
with single or multiple generators and DFIGs are designed,
respectively, as:

Pus= [ = [0 o+
AP — [P (Fypad P, ot 552 AP ) — Puo]

Pwm (];pdApDa ];pd kp,l;lw APD) - pwe,()

(26)
I pgrefl i [0
- Paret 0
Pre _ grefm [ _ | _ A
! Pyref1 k‘l’wl f+
_Pwrefn_ _];'wn_

_ifgdl |:AI5D — i [15 (ifpde]—:’D’ ]ngd]. km?wi APD) — Pwej,o]:| |

Jj=1

APp — 3 [P (FpasAPo, Fpuy 2 ABp) pwej,oﬂ

Jj=1

kgdm

Pwml <];:pd1APD7 ];pdlwAPD) - Pwel,O

pwmn (l'%pdnApD» ]Epdn kp"glwn A-ﬁD> - PWC’ILO

27)
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By selecting k; and ]%Wj in (24) and (27) appropriately,
we can make DFIGs participate in the primary frequency
control in a similar fashion as generators. The distribution of
the reserve power between generators and DFIGs in the case
of low (resp. medium and high) wind speed can be done by
choosing the value of kyq; (resp. kpd;).

V. SIMULATION AND ANALYSIS

To verify the performance of the proposed nonlinear fre-
quency regulation controllers (24) and (27) for the isolated
power system in Fig. 1, simulations are conducted in a real-
time digital simulation (RTDS) platform. The capacity of the
thermal generators and the loads are presented in Fig. 1. The
two 400 MW DFIG-based wind farms are represented by two
aggregated DFIG models with identical parameters. The rated
wind speed Vi is 10.9 m/s. The RSC wind speed limit
VRrscaim for the DFIG model in this study is 9.3 m/s. The
rated rotor speed of DFIG is 1500 r/min (1.1 p.u.). The base
capacity in the power system Sp is 100 MVA. In simulations,
two DFIGs operate with 10% deloaded mode.

In this section, we consider three cases to validate the ef-
fectiveness of the proposed coordinated frequency controllers
in various wind speeds. In addition, we validate the robustness
of the coordinated frequency controllers against the short term
(at the seconds-level) wind speed fluctuations. To prove the
better performance of the proposed coordinated frequency con-
trollers, the PI controllers are simulated as the comparison. The
parameters of the PI controllers are shown in the Appendix, in
which the setting method has been introduced in detail in [40],
[41].

Three cases (low wind speed, medium wind speed and
high wind speed) are considered. For each case, simulations
are conducted to illustrate the effectiveness of the frequency
controller (24) and (27) when short term (at the seconds-level)
wind speed fluctuations exist.

Case 1: Low wind speed (Vi < VRSC-lim)

In this case, the initial wind speed for W1 and W2 are 8.5
m/s and 7.9 m/s, lower than Vygc.im. The output power of
generators and DFIGs is given in Table V.

TABLE V
OUTPUT POWER OF GENERATORS AND DFIGS IN CASE 1

G1/G2 G3/G4 G5/G6 G7/G8 W1 w2
56.5 MW 844 MW 168.7 MW 1922 MW 230.8 MW 215.5 MW

The output powers of W1 and W2 that operate in 10%
deloaded mode are 230.8 MW and 215.5 MW, respectively.
Thus, the maximal value of reserve power from W1 and
W2 are 25.6 MW and 23.9 MW respectively, which means
APgimax = 0.256 p.u. and A Pyopax = 0.239 p.u.. Att =25,
the generator G7 is out of service due to a short circuit fault,
resulting in a significant power imbalance APp = 1.922 p.u.
in the isolated power system. The wind speeds of W1 and W2
fluctuate within £10% after the emergency, shown in Fig. 8.

We consider three scenarios to address the power imbalance
problem, as shown in Table VI. In Scenario 1, the PI control
scheme is designed by using the information of A f for gener-
ators and DFIGs. In Scenarios 2 and 3, the power reserve from
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Fig. 8. The wind speeds fluctuations in Case 1.

TABLE VI
THE THREE OPERATING SCENARIOS IN CASE 1

PI control scheme for generators and DFIGs
coordinated frequency control scheme (24)

set Pwmj (kpdePD) - Pwej,O = 0(] =1, 2)
coordinated frequency control scheme (24)

set

Pwmj (k'pdePD) — Pwej,O = Aijrmauc(j =1, 2)

Scenario 1
Scenario 2

Scenario 3

generators is distributed in proportion to installed capacity by
selecting the corresponding coefficients kgq;. We design non-
linear frequency regulation controllers in Scenarios 2 and 3.
The objectives for two scenarios are to develop the frequency
response ability from DFIGs and coordinate the power reserve
among the generators and DFIGs. The differences are that we
set Pym;(kpdj APp)—Pyejo = 0 (j = 1,2) in Scenario 2 and
Pumj(kpaj APp) — Pyej,0 = APyimax (j = 1,2) in Scenario
3, with the controllers being presented in Table VII. The
coordinated frequency control scheme in Scenario 2 indicates
that the DFIGs provide frequency response (similar to the
thermal generators) but no active power reserve. In Scenario 3,
the frequency response and active power reserve from DFIGs
are considered simultaneously.

TABLE VII
THE COORDINATED FREQUENCY CONTROLLERS FOR SCENARIO2 AND
SCENARIO 3 IN CASE 1

[ Peref1 ] r 0 1 r0.1337

Pyret2 0 0.133

Pgret3 0 0.199

Pyrets 0 0.199

Scenario 2 Prer = | Pgrets | = 0 Af+ [0.397
Pyreto 0 0.397

Pyres 0 0.464

wrefl —6.43 0

Ll wref24 L—6.36 L 0 |

[ Peref1 ] r 0 7 r0.0987

Pyrer2 0 0.098

Pgret3 0 0.148

Pyrets 0 0.148

Scenario 3 Pror = | Pgrets | = 0 Af+ 10.295
Pyreto 0 0.295

Pyrets 0 0.345

Pyref1 —6.43 0.256
L Poref2 L—6.36 10.239]

Using the ILMI method, we calculate the feedback control
coefficients k1, kw2 in Scenario 2, which are equal to —6.43
and —6.36 for W1 and W2, same as in Scenario 3. Conse-
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quently, the coordinated frequency controllers in Scenarios 2
and 3 can be obtained, respectively, as shown in Table VII.
At t = 2 s, there is a sudden loss of active power from the
generators due to a short circuit fault on G7. In Scenario 1, the
system frequency decreases to 48.1 Hz at t = 4 s, as shown
in Fig. 8(a). Lacking the coordination between PI controllers,
the frequency may not recover to normal ranges in a short

Frequency (Hz)
S
Ne
(=)

48.5
Scenario 1
48.0 — — — Scenario 2
———— Scenario 3
47.5 : ' ' ‘ ‘
0 5 10 15 20 25 30
Time (s)
(a)
2.5
g 20 - 7’ \\‘ -
S~ ? AN — ., e m——]
o = 15}f i A : ' /
O 5 [ " ) &% L
e 4 3 ! =
g~ LOp N
e i .0
=23 St
5 051 Scenario | |
& — — — Scenario 2
——————— Scenario 3
0 ‘ ) ) , !
0 5 10 15 20 25 30
Time (s)
(b)
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23 e
[T % '-’
R B2 W~
o 3 f'I AT - /.
2 & 030 7 %
EE ' )
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S~ —mme Scenario 3
0 f e T -]
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=4 T~
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(d)
Fig. 9. Simulation results of three scenarios in Case 1. (a) Isolated power

system frequency. (b) Total active power deviation of generators. (c) Total
active power deviation of DFIGs. (d) Rotor speed of W1.
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period of time. When the coordinated frequency controllers
are applied in Scenario 2 and Scenario 3, the rate-of-change
(ROC) and the nadir of frequency are improved when DFIGs
participate in frequency regulation. The frequency recovers to
normal range in seconds with an improved dynamic response,
especially in Scenario 3. Fig. 9(b) and Fig. 9(c) present the
total active power deviation of generators and DFIGs, respec-
tively. Compared with Scenario 1, the generators and DFIGs in
Scenario 2 and Scenario 3 are able to provide active power in
a more stable way. In Scenario 2, the output power of DFIGs
increases in a transient process (increases about 0.43 p.u.) and
evenually restores to the initial value. Accordingly, the rotor
speed of DFIGs in Scenario 2 decreases rapidly to release
stored kinetic energy, and eventually recovers to the initial
value, as shown in Fig. 9(d). In Scenario 3, DFIGs share the
burden of providing reserve power of 0.495 p.u., with the rotor
speed deviation decreasing about 0.05 p.u.. With the help of
the DFIGs, the frequency has shown a better performance in
the fast recovery process in Scenario 3 than in Scenario 2.

Case 2: High wind speed (Vi > VRSC-lim)

In this case, we verify the effectiveness of the coordinated
frequency controller (27) in high wind speed scenarios with
fluctuations. The initial wind speeds V;, of W1 and W2 are
15 m/s and 14.3 m/s respectively and the output power of
generators and DFIGs are given in Table VIIIL.

The proposed coordinated frequency controller (27) is vali-
dated by comparing with the PI controller, listed in Table IX.

The wind speed fluctuations are shown in Fig. 10. The
emergency is that the generator G7 is out of service at t =
2 s, resulting in the active power imbalance APp =1.419 p.u..
Using the ILMI method, we can obtain the feedback controller
gains that kw1 = kw2 = —6.72. The results in Case 1 have
indicated that the power system has a better performance in
terms of frequency regulation when DFIGs provide reserve

TABLE VIII
OUTPUT POWER OF GENERATORS AND DFIGS IN CASE 2

G1/G2 G3/G4 G5/G6 G7/G8 WI1/W2
40.6 MW 60.8 MW 1217 MW  141.9 MW 360 MW
TABLE IX

THE TWO OPERATING SCENARIOS IN CASE 2

Scenario 1 PI control scheme for generators and DFIGs

Scenario 2 coordinated frequency control scheme (27) set
Pwmj (kpdePD) - Pwej,O = Aijmaxx (.7 = 17 2)
— WI — W2
. 16.0
£
3
g 15.0
2
=)
8
Z 140

0 5 10 15 20 25 30
Time (s)

Fig. 10. The wind speed fluctuations in Case 2.
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power. In order to get a fast frequency recovery, we select
appropriate values of kpq; in Case 2 such that each DFIG
provides reserve power to its maximum. The reserve power
from generators is distributed in proportion to installed ca-
pacity. The coordinated frequency controller in Scenario 2 is
given as follows:

DParent 0 [0.043]
Parers 0 0.043
EgrefS 0 0.064
Pgref4 0 0.064
Scenario 2 P = pgre% = 0 Af+10.128
Prrets 0 0.128
Pyrets 0 0.149
oo | |-672 0.4
o] 672, | 04 |

The simulation results in Fig. 11 have indicated that the
proposed frequency controllers are effective in high wind
speed scenarios. Compared with the PI controllers, the coordi-
nated frequency controllers demonstrated satisfactory dynamic
performance in terms of frequency recovery and reserve active
power distribution.

With the help of the proposed frequency controllers, the
frequency is able to be restored to its normal value when
the emergency occurs. Since the wind speed Vi, is higher
than Viate, the rotor speed reaches its limit. This means
that DFIGs cannot provide active power reserve by lowering
the rotor speed. Therefore, the frequency regulation from
DFIGs is realized by adjusting pitch angles. When the pitch
angle is decreasing from 14.5° to 11.0° (see Fig. 11(d)), the
total output power of DFIGs increases 0.8 p.u., as shown in
Fig. 11(c).

Case 3: Medium wind speed (Vrsciim < Viw < Viae)

In this case, we simulate the scenarios with medium and
high wind speeds to further demonstrate the effectiveness of
the coordinated frequency controller (27). To make the results
comparable, the medium and high wind speeds are constant in
Case 3 and the same for DFIGs in each scenario. We consider
two scenarios with different wind speeds and initial working
states of DFIGs.

Scenario 1:

medium wind speed, Vi1 = 10.2 m/s, with ;¢ = 3.7°.

Scenario 2:

high wind speed, V2 = 15 m/s, with §; ¢ = 14.3°.

The initial output powers of generators and DFIGs in two
scenarios are given in Table X.

TABLE X
OUTPUT POWER OF GENERATORS AND DFIGS IN CASE 3

Scenario  G1/G2 G3/G4 G5/G6 G7/G8 WI/W2
Scenario 1 44.1 MW 662 MW 1323 MW 1544 MW 328.1 MW
Scenario 2 40.6 MW 60.8 MW 121.7 MW 141.9 MW 360 MW

The maximal value of reserve power from each DFIG
in Scenario 1 and Scenario 2 are 0.364 p.u. and 0.4 p.u.,
respectively. We consider the same emergency (i.e., G7 drops
out at ¢t = 2 s). From Table VII, the power imbalances in
Scenario 1 and Scenario 2 are 1.544 p.u. and 1.419 p.u.,
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Fig. 11. Simulation results of two scenarios in Case 2. (a) Isolated power

system frequency. (b) Total active power deviation of generators. (c) Total
active power deviation of DFIGs. (d) Pitch angle of W1.

respectively. Using the ILMI method, one can obtain the
feedback controller gains as follows. In Scenario 1, ky1 =
kwo = —6.49. In Scenario 2, kw1 = kywo = —6.72. The
results in Case 1 have indicated that the power system has
a better performance in terms of frequency regulation when
DFIGs provide reserve power. In order to get a fast frequency
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recovery, we select appropriate values of I;;pdj in Case 3 such
that each DFIG provides reserve power to its maximum. The
reserve power from generators is distributed in proportion to
installed capacity. The coordinated frequency controllers in
two scenarios are given in Table XI.

TABLE XI
THE COORDINATED FREQUENCY CONTROLLERS IN CASE 3

[Parett] o - -0.0567
Pyret2 0 0.056
Egreff’) 0 0.084
B I?grefz; 0 0.084
Scenario 1 Pref = | Pyrers | = 0 Af+ [0.169
|| 0|7 fo
P .
. —6.49 0.364
_wrefl —6.49] 10.364]
-Pwref2-
[Perett ]+ 0 1 -0.0437
Porer2 0 0.043
Parefs 0 0.064
i Pyrefa 0 0.064
Scenario 2 Pref = | Pyrefs | = 0 Af+ [0.128
Dpress || 0 0.145
Ferets —6.72 0.4
INDwrefl *672 04
—Pwrcf2— B o C T

As shown in Fig. 12(a), with the help of the proposed
frequency controllers, the frequency is able to restore to its
normal value when the emergency occurs in two scenarios. In
Scenario 1, the wind speed V1 is lower than the rated wind
speed Viate, which means RSC (see Fig. 12(d)) and PAC (see
Fig. 12(e)) are activated for frequency regulation. The rotor
speed decreases about 0.027 p.u. and the pitch angle drops
from the initial value (3.7°) to about 0°. In Scenario 2, since
V2 is higher than V., the rotor speed reaches its limit.
This means that DFIGs cannot provide active power reserve by
lowering the rotor speed. Therefore, the frequency regulation
from DFIGs is realized by adjusting pitch angles. When the
pitch angle decreases from 14.3° to 11.0°, the total output
power of the DFIGs increases 0.8 p.u., as shown in Fig. 12(c).

The simulation results indicate that the coordinated fre-
quency controller (27) are also effective for medium wind
speeds scenarios.

VI. CONCLUSION

This paper has investigated the emergency frequency control
problems in an actual isolated power system with high penetra-
tion of wind power. Observing that DFIGs are capable of pro-
viding active power reserve for frequency regulation via RSC
and PAC, we have developed coordinated frequency control
schemes for an isolated power grid that is composed of gener-
ators and DFIGs. Because of the nonlinearity of wind power,
emergency frequency control is formulated as a nonlinear
regulator problem. With the help of nonlinear regulator theory,
a frequency controller for a simple power system with single
generator and single DFIG was first designed. The coordinated
frequency controllers for the isolated power system under
various wind speeds were then derived based on the controllers
obtained for the simple power system. Simulation studies have
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demonstrated the effectiveness and robustness of the proposed
nonlinear frequency control schemes in restoring frequency
to the normal range in the presence of large active power
imbalances. Compared with the performance of PI controllers,
the proposed coordinated frequency controllers exhibit more
satisfactory dynamic performance in both low and high wind
speed scenarios, even when wind speed fluctuations exist.
However, for the variable wind speeds, the power system
frequency still fluctuates because the coordinated frequency
controllers are only calculated by the time that the power
imbalance occurs. The output power of DFIGs is not constant
during the frequency response process, leading to the fre-
quency fluctuations. For the next study, an online coordinated
frequency controller design method will be studied to update
the controller in period, which will improve the robustness
against wind speed.

The frequency control method based on the regulator theory
is also applicable to demand side regulation in microgrids.
Future studies will focus on studying flexible loads and
coordinating the generation side and demand side control.

APPENDIX
Tables AI and AII list the PI controller parameters of ther-
mal generators and DFIGs in Casel and Case 2, respectively.

TABLE Al
PI CONTROLLER PARAMETERS OF GENERATORS AND DFIGs IN CASE1

Generator/DFIG ~ G1/G2  G3/G4  G5/G6  G7/G8  WI1/W2

Kp 5.0 5.0 6.0 6.0 10

Ky 0.3 0.3 0.5 0.5 0.4
TABLE All

PI CONTROLLER PARAMETERS OF GENERATORS AND DFIGS IN CASE 2

Generator/DFIG  G1/G2  G3/G4 G5/G6  G7/G8  W1/W2

Kp 5.0 5.0 6.0 6.0 15

Kr 0.3 0.3 0.5 0.5 0.1
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