o ey z
<@ sustainability ﬂw\p\py

Article
Research on Frequency Fuzzy Adaptive Additional
Inertial Control Strategy for D-PMSG Wind Turbine

Mudan Li ** and Yinsong Wang 2

Science & Technology College, North China Electric Power University, Baoding 071003, China
College of Control and Computer Engineering, North China Electric Power University,
Baoding 071003, China

*  Correspondence: limudan6017291@163.com

2

check for

Received: 30 May 2019; Accepted: 2 August 2019; Published: 6 August 2019 updates

Abstract: The traditional additional inertial control (T-AIC) strategy can provide frequency support
for the directly-driven wind turbine with a permanent magnet synchronous generator (D-PMSG).
However, due to the fixed control coefficients, the frequency modulation effect is poor under load and
wind speed disturbances. In order to improve the frequency transient response of D-PMSG, a fuzzy
adaptive additional inertial control strategy (FA-AIC) is proposed in this paper. A simplified D-PMSG
model is established for the complexity and low calculation speed. A single-machine grid-connected
system composed of a D-PMSG and an equivalent synchronous generator set (ESGS) is taken as the
background and analysis of the principle of T-AIC. The proportional and derivative coefficient initial
values in T-AIC are tuned by simulating the static characteristics and inertial response characteristics
of the conventional synchronous generator set, and fuzzy control technology is introduced to adjust
the proportional and derivative coefficients adaptively based on the frequency deviation and the
frequency deviation change rate under load or wind speed disturbances. The simulation verification
indicates that T-AIC, kinetic energy (KE)-based gain-AIC and FA-AIC all can utilize the D-PMSG
additional inertial response to provide frequency support for grid-connected systems. Compared with
T-AIC and KE-based gain-AIC, the proposed FA-AIC can not only provide more effective frequency
support during load disturbances, but also suppress the frequency fluctuation caused by the wind
speed variation and displays a better dynamic frequency regulation effect.

Keywords: D-PMSG,; frequency regulation; additional inertia control; fuzzy control

1. Introduction

As the main steam of renewable energy, wind power has become the fastest-growing new energy
and will be a major source of electrical power in the near future [1-3]. Recently, the widely used
variable-speed wind turbine generators (WTGs) can be classified as two types: The doubly-fed induction
generator (DFIG); and the directly-driven wind turbine with the permanent magnet synchronous
generator (D-PMSG). The D-PMSG has become the dominant model in the wind power market due to
the advantages of high efficiency, high reliability, competitive costs and wide operating ranges [4-6].
At present, the D-PMSG usually operates in maximum power point tracking (MPPT) control mode
for maximum wind energy through the full power converter. However, owing to the rotor speed of
PMSG and the decoupling of the system frequency in this control mode, the active power can only be
adjusted according to the rotor speed and wind speed without responding to the system frequency
deviation. Therefore, D-PMSG cannot provide additional active power to participate in grid frequency
regulation. The large-scale wind power integration inevitably leads to the lower system inertia and
larger system frequency fluctuations during load disturbances [7-9]. Therefore, it is of great theoretical
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and practical significance to study the frequency control strategy and improve the ability of actively
participating in grid frequency regulation for D-PMSG.

Domestic and foreign scholars have undertaken considerable research which has been aimed
at enabling wind turbine generators to provide similar power support as traditional synchronous
generators and to participate in system frequency regulation actively during frequency fluctuations.
In general, the D-PMSG wind turbine frequency control strategy can be divided into two parts:
The droop deloading control; and additional inertia control [10-12]. The droop deloading control
reduces the capture power of the D-PMSG wind turbine in advance and releases the reserved standby
power to participate in system frequency regulation. It can take a considerable amount of time for the
adjusting process and is at the expense of wind energy utilization and the operational economy [13,14].
The paper [15] offered a frequency response control method based on rotor kinetic energy in wind
turbines. This method introduces auxiliary control loops related to the system frequency deviation
and the frequency deviation change rate on the basis of the maximum power point tracking (MPPT)
control to simulate the inertia response characteristics of the traditional synchronous generator and to
improve the frequency response characteristics. When the system frequency alters, the D-PMSG can
release or store the rotor kinetic energy to provide short-term frequency support and to participate in
frequency regulation. As the converter can regulate the active power quickly, the D-PMSG wind turbine
generators can virtualize greater virtual inertia than their inherent inertia. The so-called additional
inertial control (AIC) method is therefore derived. In [16,17], the frequency deviation and the frequency
deviation change rates are introduced to realize the AIC, the modules are added to the wind turbine
for the purpose of simulating the inertial response of the synchronous generators to achieve fast
active power regulation and to respond to system frequency deviation. In [18], an additional active
power is provided by the rotor kinetic energy stored in wind turbine which is determined by the
frequency deviation and the frequency deviation change rate. The AIC control scheme is a zero power
consumption process and has been widely applied in improving the transient stability of the system
frequency. Thus, this paper only focuses on the AIC method that aims to improve the frequency
transient response and to ensure the stable operation for the D-PMSG.

However, in a traditional AIC (T-AIC) strategy, the proportional and derivative coefficients
related to the system frequency deviation and frequency deviation change rate in the auxiliary control
loops are usually predetermined to fixed values [15-18]. This means that under wind speed or load
disturbances, a large coefficient can improve the D-PMSG frequency minimum value, but it might result
in a minimum speed limit and participate in frequency regulation excessively, which is determined by
the capacity of D-PMSG converter [19]. On the contrary, a small coefficient could ensure the stable
operation of the D-PMSG, however, it supplies limited frequency support and cannot fully utilize
the frequency regulation capability. Therefore, it is not conducive to improve the transient frequency
regulation performance of the D-PMSG.

At present, the variable coefficient strategies for the AIC have been discussed. In [20], it was
concluded that the different control coefficients should be adopted for units under different wind speeds
in order to achieve a better frequency modulation effect. The paper [21], introduced the additional
inertia time constant to adjust the proportional and derivative coefficients adaptively, but the calculation
of the additional inertia time constant is complicated. In [22], the control coefficients were tuned online
according to the available power of the frequency regulation in different wind speed zones, but only the
proportional coefficient was tuned and the derivative coefficient was not considered. For the isolated
islanding wind/photovoltaic/diesel micro-grid, the proportional and derivative coefficients of the
double-fed induction generators in different wind speed zones were determined through the simulation
trial method in [23], but the method has certain empirical limitations. The paper [24], introduced the
rotor kinetic energy evaluation factor and the converter capacity limit factor to adjust the proportional
and derivative coefficients for the D-PMSG wind turbine. In [25], a set of control coefficients were
obtained through the enumeration search method according to a proposed criterion. However, it is
difficult to find the optimal coefficients and the corresponding frequency response performance is



Sustainability 2019, 11, 4241 30f 19

comprehensively determined by a defined criterion. The paper [26], proposed a released kinetic
energy-based inertial control scheme for a DFIG, and the proportional and derivative coefficients
were adjusted according to the rotor speed owing to a higher rotor speed which means releasing
more kinetic energy. However, the two coefficients are altered based on the rotor speed in the initial
stage of the frequency modulation and remain constant during the frequency modulation process.
In addition, the above-mentioned variable coefficient methods focus on improving the frequency
modulation capability of wind turbines in different wind speeds by altering the coefficients, and
adjusting the coefficients is based on the wind turbine initial state in the early stage of the frequency
modulation. However, during the frequency modulation process, the wind speed and the load could
vary randomly. Therefore, the above-mentioned variable coefficient methods cannot ensure a better
frequency regulating effect for the wind turbine during the frequency modulation process.

Thus far, the robust adaptive control techniques have been developed to deal with changes in
system parameters. The applications of neural networks, genetic algorithms, optimal control and
model predictive control (MPC) for the frequency control have been reported in [27-30]. Compared
with the abovementioned methods, the fuzzy logic control displays better performance, such that there
is no need for accurate mathematical models, robustness against load disturbances and parameter
uncertainty. The fuzzy logic methodology is a practical control method which has been widely applied in
research on frequency control with and without nonlinearities [31]. The paper [32], proposed a parameter
adaptive PID-Type fuzzy controller in a wind-diesel power system to improve the frequency performance.
The paper [33], applied the artificial bee colony algorithm based on the fuzzy-logic controller to maintain
the system frequency in a high wind penetrated power system within a normal operating band. In [34],
a novel fuzzy theory-based coordinated control strategy was proposed for improving the short-term
frequency response capability of a DFIG-energy storage (ES) system. Since the T-AIC model for the
D-PMSG wind turbine is nonlinear and the relations between the proportional/derivative coefficients
and the frequency deviation under wind speed or load disturbances are complicated, the fuzzy logic
control method is chosen as the adaptive controller in this paper.

A fuzzy adaptive additional inertial control strategy (FA-AIC) is proposed in this paper to improve
the T-AIC theme for the D-PMSG and ameliorate the frequency response characteristic of the D-PMSG
wind turbine. The proportional and derivative coefficients are adjusted adaptively based on the system
frequency deviation and the frequency deviation change rate under load or wind speed disturbances.
The proposed FA-AIC can suppress the system frequency deviation effectively and display better
dynamic frequency modulation capability.

The rest of this paper is arranged as follows. The simplified model of D-PMSG is introduced in
Section 2. The traditional additional inertial control principle is analyzed in Section 3. Then, the initial
values tuning of the proportional and derivative coefficients are presented in Section 4. A fuzzy
adaptive additional inertial control strategy is designed in Section 5. The effectiveness of the proposed
frequency control strategy is assessed by means of MATLAB/Simulink platform in Section 6. Finally,
some conclusions are presented in Section 7.

2. Simplified Model of D-PMSG Wind Turbine

The simplified model of the D-PMSG wind turbine is mainly comprised of the wind turbine
model, the transmission mechanism model, the control system model, the PMSG and the converter
model, as shown in Figure 1.
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Figure 1. The simplified model of the permanent magnet synchronous generator (D-PMSG).
2.1. Wind Turbine Model

According to the aerodynamic principle, the actual output of mechanical power of the wind
turbine can be stated as (1) [35].

Py = Cp(A,B)Pwind = 3p7R**Cp(A, B)
Cp(A, B) = (0.44 — 0.01678) sin[%] —0.00184(A — 3)8 1)

A =wR/v

where p is the air density (kg/m?), Cp(A, B) is the power coefficient and the theoretical optimal value is
0.593, A is the tip speed ratio, 8 is the blade pitch angle (°), R is the wind turbine blade radius (m) and
wr is the wind turbine blade mechanical speed (rad/s).

2.2. Transmission Mechanism Model

Furthermore, ignoring the flexible shaft and the mechanical loss between the rotor of the wind
turbine and the generator, a single mass model is equivalent to simulate the transmission device [36,37]:
dw, 1

i = (T Te) @

where w; is the wind turbine speed, H,y is the inertia time constant of the equivalent single mass model,
T'm is the wind turbine mechanical torque, T, is the electromagnetic torque.

2.3. Control System Model

According to different wind speeds, the D-PMSG control system consists of two control
modules—the MPPT control under the condition of the wind speed is below the rated wind speed;
and the variable pitch control when the wind speed is higher than the rated wind speed.

2.3.1. MPPT Control

Figure 2 is the MPPT control structure diagram. The D-PMSG active power Pe is used to calculate
the optimal speed w,_ref based on the MPPT curve [8]. The proportional-integral (PI )operation is
carried out to derive the active reference signal Pmppt.

P

€

Pl — )

Figure 2. The maximum power point tracking (MPPT) control structure diagram.
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2.3.2. Variable Pitch Control

The blade pitch angle is adjusted through the pitch angle control section to regulate the active
power output. Figure 3 indicates the variable pitch control structure diagram. The pitch angle remains
0° when the wind speed is lower than the rated value. On the contrary, the pitch angle is adjusted to
maintain the rated output power.

4
dt max ﬁ max

F, Bes B
— > gH Pl — Tl J/_ >

SErvo

max % ﬂmin

dt min

Figure 3. The variable pitch control structure diagram.

The deviation between the actual active power P and the D-PMSG maximum power Pmay is used
to perform the PI operation and calculate the pitch angle reference value fref [38]. Tservo is the servo
time constant, fmax and Pmin are the pitch angle amplitude limits, Z—fmax and %mm

speed limits, 8 is the output pinch angle.

are the pitch angle

2.4. Generator/Converter Model

The power system frequency response characteristics are an electromechanical transient process
and are mainly affected by the power-frequency characteristics of the unit. In this paper, the PMSG
and converter are equivalent to an inertia link merely considering the active output characteristics of
the unit [15,39]. The simplified mathematical model of the generator and the converter can be stated as

follows:
1

Po=———0P
€ 14Ty ™MpPt

where TF is the equivalent time constant of the PMSG and the converter.

®)

3. Principle of Traditional Additional Inertia Control

The power system inertia reflects the ability of the system to prevent frequency variation, and
allows the generator to adjust the generating power and build a new power balance when the system
frequency fluctuates. However, in the MPPT control mode, the D-PMSG can only regulate the active
power according to the wind turbine rotor speed and cannot provide inertial support. A frequency
control module can be added to the D-PMSG wind turbine power control so as to simulate the inertia
response characteristics of the traditional synchronous generator. The principle of additional inertia
control for the grid-connected D-PMSG is shown in Figure 4.



Sustainability 2019, 11, 4241 6 of 19

A
|
|
|

(o T S e oty

+ +O 1+sT, s, [+ + .
- |

I

|

|

I

|

Figure 4. Structure diagram of the additional inertia control principle.

The equivalent synchronous generator set (ESGS) is a simulation of the grid in this paper, which
is composed of a speed control system, a turbine and a synchronous generator, where the speed
control system consists of a governor and a servo mechanism [40]. An auxiliary power related to the
proportional and derivative terms of the system frequency deviation is introduced to simulate the
inertia response characteristics of the traditional synchronous generator. Thus, the D-PMSG wind
turbine can adjust the output power when the system frequency fluctuates—that is the traditional
additional inertia control (T-AIC). As is shown in Figure 4, the principle of T-AIC is stated as:

dAf

Pf = —kpAf—de

@)
where P is the auxiliary power of AIC; Af denotes the frequency deviation, Af = f — fy, f and fj
are measured values and the reference value of the system frequency, respectively; k, and kq are the
proportional and derivative coefficients, respectively, k, > 0, kg > 0 in practical application. A high
and a low pass filter are also added to the AIC module respectively. The speed protection module
(SPM) ensures the wind turbine exits the AIC when the rotor speed is lower than 0.67 w, and prevents
the speed from being too low and causing cutting machine accidents [41].

In the T-AIC mode, the output power of the D-PMSG consists of two parts: The active power of
MPPT control; and the auxiliary power of the AIC. It is stated as:

Pref:Pmppt+Pf ()

Obviously, the D-PMSG output power would increase when the system frequency drops,
which would make the rotor speed decrease and release rotational kinetic energy to mitigate the
frequency falling.

However, ignoring the inertia of the converter, Pe = Py, therefore, the frequency response of the
grid-connected system in the MPPT control mode is expressed as:

dAf

2H—= = Pm + Pe~ P~ DAf (6)
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After the AIC is introduced, the grid-connected system frequency turns to follow:

dAaf
(2H+kd)w = P + Prmppt — P — (D+kp)Af (7)

where H is the inertia time constant of the synchronous generator, D is the damping coefficient; Pr, is
the output power of the synchronous generator; Pmppt is the wind power output and Py is the load
power. It can be seen that the introduction of the AIC makes the inertia and damping constant of
the grid-connected system increase by kg4 and kp, respectively, which improves the system frequency
response characteristic from the aspects of inertia and damping.

4. Initial Values Tuning for Proportional and Derivative Coefficient

The T-AIC is simple in principle and clear in physical meaning, but it has difficulty in adjusting
the parameters kp/kq and has poor adaptability under wind speed and load disturbances. Therefore,
this paper proposes a fuzzy adaptive additional inertia control (FA-AIC) strategy based on the T-AIC,
with two initial values tuning for proportional and derivative coefficient.

The AIC of the D-PMSG is a simulation of the static characteristics and inertial response
characteristics of the conventional synchronous generator set. In order to make the D-PMSG wind
turbine unit have similar frequency modulation characteristics and inertial response characteristics
with the ESGS, this paper tunes the initial values of the proportional and derivative coefficient k,, and
kq firstly accords to the parameters of the ESGS.

4.1. Proportional Coefficient Initial Value Tuning

When the system frequency fluctuates, the additional power of the static characteristic for the
synchronous generator set is stated as (pu):

* * % 1 %
APG = —kg - Af* = —=Af ®)

where k(. and o are the static frequency characteristic coefficient and the static frequency difference
coefficient of the ESGS, respectively.
When the system frequency changes, the additional power of the D-PMSG wind turbine under
the droop control is expressed as:
AP} = ~kp - Af* )

According to the equivalent relation, combining (8) and (9), (10) can be derived as follow:
1
kp = - (10

That is, the proportional coefficient initial value kp can be derived based on the static frequency
difference coefficient o of the ESGS.

4.2. Derivative Coefficient Initial Value Tuning
The inertia time constant of ESGS is expressed as:
_ Jaw}
25

Hg (11)

where J», ws and Sp are the moment inertia, rated speed and rated power of the ESGS respectively.
The kinetic energy stored by the ESGS is stated as:

1
B = 5 )20 (12)
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The speed also changes along with the system frequency deviation, and the corresponding
additional power of synchronous generator set is:

dEy dw
APg = - =K = _o=— 1
d e Jw— (13)
Combining (11) and (13), (14) can be derived as:
AP _ _2Hcﬂdw/ws = AP, = —2Hgw" do (14)

In the normal operation, the grid-connected system frequency has less fluctuation and w* ~ 1,

so (14) can be simplified as:
dw*
dt

When the system frequency changes, the additional power of the D-PMSG wind turbine due to

AP = —2Hc (15)

the change of rotor kinetic energy is expressed as:

dAf® dAw* dw*
g~ R = kg (16)

AP} = —kq
According to the equivalent relation, combining (15) and (16), (17) can be derived as follows:
kq = 2Hg (17)

The D-PMSG inertia time constant is stated as:

_ Jiwi
2P,

Hw (18)
where J1, wn and Py are the moment inertia, rated speed and rated power of the D-PMSG wind
turbine, respectively.

According to the equivalent relation, the D-PMSG and the ESGS have the same time constant,
Hw = Hg. Therefore, the D-PMSG inertia time constant is also expressed as:

o2
kg = 2Hg = 2Hw = J1 5~ 19)
Pn

That is, the derivative coefficient initial value kq can be obtained utilizing the moment inertia J1,
rated speed wy, and rated power Py, of the D-PMSG wind turbine itself.

5. Fuzzy Adaptive Controller for Proportional and Derivative Coefficients Adjusting

The fixed proportional and derivative coefficients k;, and kq in the T-AIC would cause the D-PMSG
to participate in frequency modulation excessively or to not fully utilize the frequency modulation
capability under the load or wind speed disturbances. It is not conducive to improve the overall
frequency modulation performance for the units [12]. In addition, the safe speed range of the MW
unit is 0.67~1.33 pu [20] due to the limitation of physical devices, however, the unit speed changes
when participating in frequency modulation. The larger proportional or derivative coefficient results
in releasing excessive power and causes the unit speed to exceed the safe range. In order to improve
the frequency response characteristic of the D-PMSG wind turbines and solve the problem of the fixed
coefficients in the T-AIC (which cannot implement frequency modulation under wind speed or load
disturbances), a fuzzy adaptive controller for the proportional and derivative coefficients adjusting is
proposed in this paper.
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The whole structure diagram of the grid-connected system with a fuzzy adaptive controller
(FA-AIC) is given in Figure 5. As shown, the fuzzy adaptive controller has three blocks: Fuzzification;
fuzzy reasoning; and de-fuzzification. Correspondingly, a fuzzy adaptive controller design for a
practical dynamical system comprises three steps:

(1) The system dynamic characteristics and behaviors need to be understood comprehensively; the
system states and inputs/outputs control variables and variation ranges need to be determined;
the appropriate fuzzy membership functions and fuzzy sets are produced for all inputs/outputs
and accomplish fuzzification.

(2) A proper fuzzy reasoning mechanism is defined and the fuzzy rules are established depending
on the logical relationships between the inputs and outputs.

(3) The de-fuzzification method is determined, the outputs are de-fuzzified applying fuzzy rules.

| |
fo R e E AK, | Ak,
A | I Fuzzy » . I »
+ _: -
f f : E c Fuzzification C‘ gl AKd> De-fuzzification IAkd‘ T-AIC

v
> +l F,
w | Rnppl ’ P 1
B + 1+ 8T,
—

. |
LR
Y I LY 1 |AP

ET’@T’®| “ 7 141, > e, &

Figure 5. The whole structure diagram of grid-connected system with a fuzzy adaptive additional
inertia control (FA-AIC).

5.1. Fuzzification

Fuzzification is a mapping process that converts the crisp value of the inputs and outputs into
linguistic variables applying fuzzy membership functions. In this paper, the grid-connected system
frequency deviation Af and the frequency deviation change rate dAf/dt are chosen as the inputs e
and c respectively; the corrected values of the proportional and differential coefficient Ak, and Akq are
selected as the outputs respectively. In the fuzzy adaptive controller module in Figure 5, the inputs e

and c are defined as:
e=f-fo
{ de _ d(f~fo) (20)

C=T = @

The system frequency reference value is 50 Hz in this paper, and the primary frequency regulation
range of the grid-connected system is set to +101%, that is, 49.5 Hz~50.5 Hz, so the frequency deviation
range is set as e € [-0.5,0.5]. The frequency deviation change rate after discrete sampling is set as
c € [-1,1]. In order to ensure a certain reserved margin, based on the initial values of the proportional
and derivative coefficients, the basic domain of outputs Ak, and Akq are set as [-15, 5] and [-2, 2].

The triangular membership functions for the proposed controller are adopted. The five linguistic
variables for the input variable ¢ and the output variable Akq are negative big (NB), negative small
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(NS), zero (ZO), positive small (PS) and positive big (PB) whereas the input variable c is indicated in
the seven linguistic variables such as negative big (NB), negative medium (NM), negative small (NS),
zero (ZO), positive small (PS), positive medium (PM), positive big (PB). The membership functions of
the controller inputs and outputs are determined and shown in Figure 6.

1 1
o K=
= = NB N M ZB
Z Z
b 5
oS ©
g g
o o
£ 0.5 g 0.5t
G G
=) o
(o3 [o3
5 &
13 23
a [a]
0 0
05 0375 025 0125 0 0125 025 0375 05 o1 20.67 0.33 0 0.33 0.67 1
© c
(a) (b)

o
%

NB NM NS 70 S

S
>

Degree of membership
(=3
'S

Degree of membership

I
o

I I I I I . . .
-15 -11.67 -8.34 -5.01 -1.68 1.65 5 -2 -1 0 1 2

Figure 6. The membership functions of the inputs and outputs. (a) The membership function of e;
(b) The membership function of c; (c) The membership function of Akp; (d) The membership function
of Akd.

5.2. Fuzzy Reasoning Mechanism:Fuzzy Rules Establishment

Fuzzy rules are established based on the logical relationships between the output and the
input employing the Mamdani-type fuzzy reasoning mechanism, which can be described in the
form of “IF/THEN" conditional statements. In this paper, when Both E and C are positive values,
the grid-connected system frequency is getting worse, so both of AK;, and AKy need to be take positive
values and increase with the increasing of the inputs so as to enhance the additional inertia and
suppress the system frequency deviation. When E is positive and C is negative, that indicates the
system frequency is improving and both AK;, and AKq should be set as negative and decrease as the
input increases. If both E and C are negative, it means that the system frequency is in the process
of reverse deterioration, so both of AK;, and AKy are taken as positive values and increase with the
increasing of the inputs. When E is negative and C is positive, it indicates that the system frequency
is recovering, so both of AKp and AKy should be set as negative values and decrease as the input
increases. According to the above logical relationships of outputs AK,/AKy with the behavior of the
inputs E/C, two rule bases including 35 fuzzy rules are established and presented in Table 1.
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Table 1. Fuzzy roles of AK}, and AKy.

AK, E
NB NS Z0 PS PB
C
NB PB PB PM PS 70
NM PB PB PM 70 NS
NS PB PM PS NS NM
Z0 PM PS 70 PS PM
PS PS 70 70 PS PB
PM 70 NS PS PM PB
PB NS Z0 PM PB PB
AKy E
NB NS zZo PS PB
C
NB PB PB PB PS 70
NM PB PS PS 70 NS
NS PB PS PS NS NB
70 PS PS 70 PS PB
PS PS 70 70 PS PB
PM Z0 NS PS PS PB
PB NB 70 PS PB PB

For example:

Rule 1: IF E is PS (positive small) and C is PM (positive medium), THEN the output AK}, will be
PM (positive medium). When the system frequency deviation is small and frequency deviation change
rate is medium, a positive medium value is required for AK}, to increase the output power quickly and
suppress the system frequency deviation.

Rule 2: IF E is PB (positive big) and C is PS (positive small), THEN the output AKy is PB (positive
big). The system frequency deviation is big and the frequency deviation change is small, it demands a
positive big value for AKy to respond to the frequency deviation change rate rapidly and to provide
short-term power support.

Similarly, all other fuzzy rules are utilized in the view of the logical relationships between the
inputs and outputs, and in this way, fuzzy inputs are converted into fuzzy outputs.

Figure 7 indicates the reasoning results corresponding to the fuzzy rules.

(a) (b)

Figure 7. Fuzzy reasoning results. (a) Reasoning result of AK},; (b) Reasoning result of AKy.

5.3. De-Fuzzification

The outputs AK}, and AKy derived from the fuzzy adaptive controller are fuzzy in nature. In order
to obtain the proper proportional and derivative coefficients k, and kg4, de-fuzzification is demanded
to convert the fuzzy variable into a crisp value. The commonly used de-fuzzification methods include
the weighted average, the mom method, the centroid method and the mean-max. In this paper,
the weighted average method is employed to de-fuzzify AK,/AKg to Aky/Akg.
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6. Simulation Analysis

To verify the effectiveness of the FA-AIC, a simulation system composed of a D-PMSG and an ESGS
has been built based on Matlab/Simulink platform. As shown in Figure 8, the partial parameters have
been marked and the rest values of the simulation system have been summarized in Appendices A and B.

S

P, =2MW

ESGS

Load P, S, =2MW

Figure 8. The typical structure of the permanent magnet synchronous generator (D-PMSG)
grid-connected system.

Three different cases have been designed to perform simulations and analysis, which are: (1) The
wind speed is 8 m/s; (2) the wind speed is 10 m/s; (3) the variation in wind speed. Simulation tests
were carried out to compare the frequency modulation effects under four different control strategies
respectively: (1) Without additional inertial control (without-AIC); (2) the traditional additional
inertial control (T-AIC); (3) the KE-based gain-AIC [26]; (4) the fuzzy adaptive additional inertial
control (FA-AIC). Based on the system parameter values in Appendices A and B, the proportional and
derivative coefficient initial values have been tuned as kp = 40, kg = 2.8.

6.1. Casel: Sudden Load Changes when Wind Speed is 8 m/s

This case refers to the system inertial response when the active power of the load suddenly
increases 0.4 MW in the first 5 s under the condition of constant wind speed that is 8 m/s. The other

relevant parameters were selected as Ty = 8s, Tr, = 0.1s. The dynamic responses of system variables
are shown as Figure 9.
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Figure 9. Comparisons of the system variable responses when wind speed is 8 m/s. (a) System
frequency response; (b) Wind turbine speed; (c) Wind turbine output active power; (d) Auxiliary power.
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Figure 9a illustrates the comparisons of the system frequency response after the load suddenly
increases and the partial data are shown in Table 2.

Table 2. Comparisons of the system frequency response.

Control Mode fmin/Hz tmin/s fe/Hz toofs
Without-AIC 49.01 6.96 49.60 16.65
T-AIC 49.22 6.99 49.60 17.74
KE-based gain-AIC 49.21 6.72 49.60 18.68
FA-AIC 49.36 10.0 49.58 24.20

Notes: fmin, tmin, foo, teo are system frequency minimum value, time to system frequency minimum value, system
frequency steady-state value, system frequency setting time, respectively.

Based on the above conclusions, in the case of without the AIC, the D-PMSG operates in the MPPT
control mode and shows a little improvement on the system frequency deviation. The introduction of the
AIC can adjust the rotor speed and output power to make the D-PMSG participate in frequency responses
and support frequency stability under the frequency fluctuation caused by the load disturbance.

In the T-AIC mode, the system frequency change rate decreases and the minimum value raises
from 49.01 Hz to 49.22 Hz and the time for the system frequency minimum value extends from 6.96 s
to0 6.99 s. In the KE-based gain-AIC mode, the system frequency minimum value is 49.21 Hz, which is
smaller than the T-AIC 0.01 Hz. This is because in the KE-based gain-AIC mode, the proportional and
derivative coefficients are adjusted depending on the units’ initial rotor speed. The lower the rotor
speed, the smaller the coefficients are, so the proportional and derivative coefficients in the T-AIC
mode are larger than those in the KE-based gain-AIC. However, in the case of the FA-AIC, due to the
introduction of the fuzzy adaptive controller, the two coefficients can be adjusted based on the frequency
deviation and the frequency deviation change rate caused by the load disturbance, so the system
frequency minimum value is further increased to 49.36 Hz and the time to the minimum value prolongs
to 10.0 s. However, the system frequency steady-state response is hardly improved. Obviously, the
system frequency dynamic response is improved significantly with the T-AIC, KE-based gain-AIC and
the FA-AIC. In addition, compared with the T-AIC and the KE-based gain-AIC, the FA-AIC improves
more. It can be seen that the FA-AIC theme can provide effective inertial support to improve the system
inertia response and reduce the frequency change rate at the initial stage of the load disturbance.

Figure 9b—-d compare the dynamic responses of the wind turbine speed w;, the wind turbine
output active power P, and the auxiliary power P thereunder the four control modes after the load
suddenly increases. The D-PMSG operates in an optimal speed and an output power under the
without-AIC mode. In case of the T-AIC, the proportional and derivative coefficients are the tuned
initial values and relatively large, so the rotor speed decreases quickly and the auxiliary power Pt
increases rapidly in order to increase the wind turbine output power to participate in the system
frequency regulation. However, the speed protection module (SPM) starts action and the AIC exits
immediately when the rotor speed is less than 1.31 rad/s (0.67 wn), the auxiliary power P¢ drops
instantaneously and approaches to zero gradually. After that, the rotor speed returns to the optimal
value thinly, that would cause the system to absorb electromagnetic power from the power grid and
affect the system frequency response. In the KE-based gain-AIC mode, when the rotor speed is equal
to the minimum value, and the two coefficients are zero, the unit does not provide inertial support and
avoids the unit being off-grid. In the FA-AIC mode, the two coefficients and the auxiliary power are
adjusted based on the frequency deviation and the frequency deviation change rate which avoid the
frequency over-modulation for the wind turbine at low wind speeds. A comparison of the FA-AIC
with the KE-based gain-AIC shows that the wind turbine speed is further reduced and the active power
increases by 0.02 MW instantaneously after the load suddenly increases, and the rotor speed and the
output power change smoothly overall.
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6.2. Case 2: Sudden Load Changes when Wind Speed is 10 m/s

This case refers to the system inertial response when the active power of load increases 0.4 MW in
the first 5 s under the condition of constant wind speed that is 10 m/s. The other relevant parameters
remain constant. The simulation results are shown as Figure 10.
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Figure 10. Comparisons of system variable responses when the wind speed is 10 m/s. (a) System
frequency response; (b) Wind turbine speed; (c) Wind turbine output active power; (d) Auxiliary power.

Figure 10a illustrates the comparisons of the system frequency response after the load suddenly
increases and the partial data are shown in Table 3.

Table 3. Comparisons of the system frequency response.

Control Mode fmin/Hz tmin/S foo/Hz toofs

Without-AIC 49.01 6.96 49.60 18.02
T-AIC 49.20 7.16 49.60 20.18
KE-based gain-AIC ~ 49.468 9.05 49.62 2243
FA-AIC 49.47 10.12 49.61 24.26

As in Case 1, the system frequency responses in the T-AIC, KE-based gain-AIC and the FA-AIC are
improved more than the without-AIC mode. In addition, the proportional and derivative coefficients
under the latter three modes are larger than those of Case 1.
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In the T-AIC mode, the system frequency change rate decreases and the minimum value raises
from 49.01 Hz to 49.20 Hz and the time to the system frequency minimum value extends from 6.96 s to
7.16 s. In the KE-based gain-AIC mode, the system frequency minimum value increased to 49.468 Hz
and the time to the minimum value prolongs to 9.05 s, but the system frequency steady-state response
obviously improved to 49.62 Hz. This is because the two coefficients are regulated according to
the initial rotor speed under the larger wind speed, which are larger than those in the low wind
speed. Therefore, the units’ rotor speed decreases more and the power participating in the frequency
modulation are also more, which improves the system frequency response and the frequency regulation
effect effectively. In the case of the FA-AIC, the two coefficients are adjusted adaptively under the
frequency fluctuation caused by a load disturbance so as to provide inertia support for the system. Thus,
the system frequency minimum value and the frequency change rate at the initial stage significantly
improved, but the system frequency steady-state response hardly improved.

Figure 10b—d compare the dynamic responses of the wind turbine speed w;, the wind turbine
output active power P, and the auxiliary power Py in the four control modes after the load suddenly
increases. Compared with the other three control modes, the FA-AIC can make full use of the system
inertia and release the D-PMSG frequency modulation potential to effectively improve the system
frequency dynamic response and the regulation effect.

6.3. Case 3: Variation in Wind Speed

This case refers to the system inertial response when the active power of the load suddenly
increases 0.4 MW in the first 20 s under the condition of random wind speed in 7~12 m/s. The other
relevant parameters remain constant. The random wind speed waveform within 50 s is shown in

Figure 11a.
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Figure 11. The control effects in the random wind speed. (a) Wind speed waveform; (b) Proportional
coefficient kp value; (c) Derivative coefficient kq value; (d) Wind turbine speed; (e) System
frequency response.

Under the variation in wind speed, the proportional and derivative coefficients k, and kq are
as shown in Figure 11b,c, and the appropriate control coefficients can be obtained according to the
frequency deviation. Figure 11d indicates the rotor speed in three control modes under random wind
speed and the load sudden disturbance. It can be seen that the D-PMSG wind turbine rotor speed
with the KE-based gain-AIC and the FA-AIC are lower compared with the T-AIC, so more auxiliary
power can be provided to support the system frequency. Figure 11e illustrates the comparisons of
the system frequency response. Obviously, with the introduction of the KE-based gain-AIC and
the FA-AIC, the system frequency can be smoothed by adaptively regulating the two coefficients to
suppress the frequency fluctuation. When the load suddenly increases at 20 s, the system frequency
minimum value with the T-AIC falls to 49.23 Hz and the ones with the KE-based gain-AIC and the
FA-AIC rises to 49.49 Hz and 49.60 Hz respectively. The dynamic frequency deviation decreases greatly
with the KE-based gain-AIC and the FA-AIC. In addition, compared with the KE-based gain-AIC,
the FA-AIC improves more in the system frequency change rate and the minimum value at the initial
stage. Obviously, the proposed FA-AIC strategy can not only suppress the frequency fluctuation
caused by the variation in wind speed, but also provide rapid and effective frequency support during
a load disturbance.

7. Conclusions

Based on a single-machine grid-connected system composed of a D-PMSG and an ESGS, this paper
proposes a fuzzy adaptive additional inertial (FA-AIC) control strategy to improve the primary
frequency regulation ability for the D-PMSG wind turbine. The simulation results indicate that the
adoption of the T-AIC, KE-based gain-AIC and the FA-AIC can utilize the D-PMSG additional inertial
response to provide frequency support under load and wind speed disturbances. Compared with
the T-AIC and the KE-based gain-AIC, the proposed FA-AIC adjusts the proportional and derivative
coefficients adaptively based on the system frequency deviation and the frequency deviation change
rate under load or wind speed disturbances. This proposed system can not only provide rapid and
effective frequency support during load disturbances, but also suppress frequency fluctuations caused
by wind speed changes and further, it displays a better dynamic frequency modulation effect.
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Appendix A
Table Al. D-PMSG wind turbine parameters.
Parameter Symbol Value
Radius of the rotor R 38 m
Air density p 1.225 kg/m?
Rated rotor speed wn 1.956 rad/s
Rated power Py 2 MW
Cut in wind speed Veut—in 3m/s
Rated wind speed Un 11.8 m/s
Cut out wind speed Veut—out 25 m/s
Optimal tip speed ratio Aopt 6.3
Nominal power coefficient Cpmax 0.438
Moment inertia constant Jw 1.5 x 10° kg m?
pitch servo time constant Tservo 02s
Min./Max. pitch angle Bmin/ Pmax 0°/30°
Blade pitch angle rate dp/dtpin/ —10°/s/10°/s
p g dﬁ/dtmax
PMSG-converter equivalent time constant Tg 02s
Appendix B
Table A2. Speed governor, turbine and synchronous generator parameters.
Parameter Symbol Value
PI controller gains kp /ki 10/10
Difference coefficient R 0.025
Servo inertia time constant TG 02s
Turbine inertia time constant Tcu 0.3s
Synchronous generator inertia time constant H 6s
Synchronous generator damping coefficient D 0
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