energies MBPY

Article

Adaptive Damping Design of PMSG Integrated
Power System with Virtual Synchronous
Generator Control

Jun Deng '@, Jianbo Wang !, Shupeng Li !, Haijing Zhang !"*, Shutao Peng ! and Tong Wang ?-*

1 State Grid Shaanxi Electric Power Research Institute, Xi’an 710100, China; d.jone@163.com (J.D.);

15389083826@163.com (J.W.); 13689296785@163.com (S.L.); newpking@126.com (S.P.)

School of Electrical & Electronic Engineering, North China Electric Power University, Changping District,

Beijing 102206, China; hdwangtong@ncepu.edu.cn

*  Correspondence: zh_hj@126.com (H.Z.); hdwangtong@ncepu.edu.cn (T.W.); Tel.: +86-2989698550 (H.Z.);
+86-1061771407(T.W.)

check for
Received: 19 March 2020; Accepted: 16 April 2020; Published: 19 April 2020 updates

Abstract: With the continuous development of wind power capacity, a large number of wind turbines
connected by power electronic devices make the system inertia lower, which leads to the problem
of system frequency stability degradation. The virtual synchronous generator (VSG) control can
make wind turbines possess inertia and damping. However, the stochastic dynamic behavior of wind
generation results in the stochastic changing of operating condition; this paper presents an adaptive
subsynchronous oscillation (S50) damping control method for the wind generation with VSG control.
Firstly, the small signal model of the permanent magnet synchronous generator (PMSG) with VSG is
built, and the model of state space is derived and built. The active power of PMSG is selected as the
variable parameter vector to establish a polytopic linear variable parameter system model. Then,
based on the hybrid Hy/Ho control method, each vertex state feedback matrix is solved by linear
matrix inequality, and a subsynchronous oscillation adaptive damping controller with polytope is
obtained. Finally, the 4-machine 2-area system connected to two PMSGs with VSG control is used
as the test system for time domain simulation. The simulation results demonstrate that the LPV
based adaptive damping controller could provide enough damping under the circumstances of wider
changes of wind power outputs.

Keywords: virtual synchronous generator; adaptive damping control; PMSG; LPV

1. Introduction

Resources shortages in the world are becoming more dominant, and the development of renewable
energy generation technologies is extremely serious. In recent years, wind power generation has
become one of the most fast-growing clean energy sources in China, and the installed capacity is
increasing rapidly [1,2]. The stochastic volatility of primary energy, such as wind energy, determines
the random volatility of the wind power output. With the expansion of wind power grid integration,
the randomness and volatility of the system are more severe, and the random drift of system operating
points is increasingly prominent. The power system stability is facing severe changes as it is impacted
by the grid connected large-scale wind power [3-5].

The low inertia due to wind power generation has been gaining a lot of attention [6-8]. When the
traditional power system is in the dynamic transient process, the inertia of a synchronous generator
could provide enough damping to prevent the deterioration of the power system. Hence, inertia is
one of the important factors for maintaining the frequency stability and transient stability. Therefore,
many scholars have proposed many means to improve the inertia of wind power generation, such as
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synthetic virtual inertia and virtual synchronous generator (VSG) control. However, synthetic virtual
inertia control could simulate the inertia of the synchronization generator, while the VSG control
could not only simulate the inertial characteristic, but also the synchronization and damping behavior.
The virtual synchronous generator technology is based on the power electronic converter in the new
energy application [9,10]. The control algorithm is used to simulate the primary frequency modulation,
voltage regulation and inertia and damping behavior of the synchronous generator so that it has the
same steady state and electromechanical dynamics as the synchronous generator. Many experts and
scholars have achieved fruitful research results in the grid adaptability, control stability and system
application of virtual synchronous generator technology [11-14]. In 2016, State Grid Corporation
started the demonstration application of virtual synchronous generator technology and core equipment
in the power system for absorbing high-permeability new energy in the Zhangbei Fengshen Storage
and Depot demonstration power station, and in the inverter for existing wind turbine and photovoltaic
power generation.

The use of virtual synchronous generation control technology for wind power is the key to
improving the friendliness of clean energy and is also the trend for efficient use of renewable energy.
However, the VSG control allows the wind farm to take part in the power system frequency regulation
for enhancing the frequency stability. In the meantime, the interaction channel between the wind
power generation and power grid is opened through the active power after disturbance occurred.
The impact caused by the interaction channel on the subsynchronous oscillation (SSO) could not be
overlooked. The virtual synchronous machine control strategy and the converter control parameters are
optimized, and the VSG damping control is added in the converter to form a damping of the oscillation
of the sub-synchronous frequency band, which is beneficial to the suppression of the sub-synchronous
oscillation. The design of traditional power system controllers is carried out under typical operating
conditions, that is, the system component parameters, operating conditions and interference modes
that have been given [15,16]. Because of the intermittent and strong random fluctuation of wind power,
the random drift behavior of the operating condition of the renewable energy power system in the
operating space makes the traditional controller design, based on the typical operating conditions,
show the defect that the adaptability is obviously insufficient, and it is difficult to create wind power.
The random drift behavior of the grid-connected system is effectively tracked, making it difficult to
effectively be damped. Therefore, it is necessary to study adaptive damping control strategies that can
effectively track the random drift behavior of the system.

At present, the control methods for power system operating point fluctuations mainly include
Ho, control [17], fuzzy control [18], structural singular value method [19] and so on. However, these
methods generally fluctuate slightly for system parameters. In the case of the operating condition of
the wind power system changes within a wider range, the damping effect of the controller may not be
guaranteed. Recently, due to continuous development of robust control, the variable gain theory based
on the linear parameter varying (LPV) system is applied in the field of power system control [20] to
coordinate the power system stabilizers.

In this paper, the variable-gain theory based on the linear variable parameter system is used to
effectively track the random drift behavior of the wind integrated system, so as to realize the adaptive
damping control strategy. Firstly, the dynamic model of the PMSG integrated power system is built,
including the dynamic models of PMSG and VSG, and then the linearized state space model is derived.
Secondly, the polytopic LPV model of wind power system is established, and the state feedback
matrix is solved for each vertex by hybrid Hy/Hc control. Finally, an adaptive damping controller
is obtained based on the feedback matrix design of each vertex. The test systems adopt the 11-bus
system and 39-bus system with PMSGs added. The simulation results demonstrate that the proposed
SSO control by employing a polytopic LPV system can effectively suppress the SSO mode in the case
of the fluctuating wind output.
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2. Dynamic Model of PMSG Integrated Power Systems

2.1. Mathematical Model of PMSG

The permanent magnet synchronous generator (PMSG) is shown in Figure 1. It is composed of
the asynchronous generator, a rotor-side converter, the converter controller, a grid-side converter and
the converter controller.
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Figure 1. Permanent magnet synchronous generator structure diagram.

The dynamic model of PMSG is:
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where [;; represents the d-axis component of the stator winding current, and I5; represents the g-axis

component of the stator winding current. Uy; and Us, represent the d-axis and g-axis components of

the rotor winding voltage, respectively; w is the electric angular speed of generator; L; and L, represent

the d-axis and g-axis components of the stator inductance; ¥ is the rotor permanent magnet flux.
The rotor motion equation of PMSG based on the single mass model is as follows:

Juw dw
—— =Ty-T,-D(w-w 2
np ar w e ( O) 2)
where D represents the damping coefficient; J,, denotes the motor inertia time constant; T;, and
T, represent the mechanical torque and electromagnetic torque of generator rotor, respectively; np
represent the number of pole pairs; wy is the rotor speed reference value.
The differential equation model of the intermediate capacitor is the expression in Equation (3).

AR . Ps + Pg
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where C;, represents the capacitance value of the capacitor; V. represent the voltage of the capacitor;
Ps represents the active power injected from the rotor-side converter to the capacitor; Py represents the
active power injected to the grid side converter.

The filter inductance between the grid-side converter and the grid is L, and its mathematical
model, is as shown in Equation (4).

dl
Lf = Ugg — Ugg + wLly,
L= = Ugg — Uy — wLyy

(4)

where o4 and I¢ represent the d-axis and g-axis components of the AC side current; Uy and U, are
the d and q components of the AC side voltage of the grid-side converter in d-q coordinates; Uy and
Uy, represent the d and q components of the grid-side voltage in d-q coordinates, respectively.

The intermediate variables of the outer loop of speed x1, the inner loop of the stator current
g-axis component x, and the inner loop of the stator current d-axis component x3 are introduced
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in the rotor-side converter control system, respectively, and the dynamic equation can be described
as follows:

dd—tl = Ki1 (@ = @ref)
dditz = A2 (Isqref - Isq) &)
% = I3 (Isqref - Isd)

where Kj1, Kj; and Kj; represent the integral coefficients of the relative PI loops. Iy and Ly.r are
the control reference values of the d-axis and g-axis currents of the stator windings, respectively. The
control diagram of the machine-side converter is shown in Figure 2.
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Figure 2. Control diagram of machine-side converter.

The intermediate variables of the DC voltage outer loop x4, current g-axis inner loop xs, reactive
power outer loop x4 and current d-axis inner loop xy of grid-side converter control system are
introduced, respectively, and the dynamic equation of the grid-side converter controller of PMSG can
be described as follows: "

d_t4 = Ki4(Vdc - Vdcref)
ddits = Kz'S(Igdref - Igd)
ddité = Kié(Qw - Qwref)

dJC7

a = Ki(Lggrer — Igq)

(6)

where Kis, Ki5, Kijg and Kj7 are the integral coefficients of the relative PI loops; Qqy.r represents the
referred reactive power control of grid-side converter; I, and o4, represent the reference value
of the d and g-axis current control of grid-side converter, respectively; V. represents the reference
value of DC capacitor voltage control. The control diagram of the machine-side converter is shown in
Figure 3.
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Figure 3. Control diagram of grid-side converter.

2.2. Dynamic Model of VSG Control

The equations of the VSG control model are shown in Figure 4. The dynamic model of VSG is
shown in Equation (7), where Dmp is the damping coefficient of VSG, and J;, is the inertia of VSG.
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Ky, is the gain of the reactive power controller. The outputs of the Pulse width modulation (PWM)
generation are sent as the input of the PWM of converter of PMSG.

_ 1
Weg = Jms+Dmp (P”f _P)
0, = iy (7)
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Figure 4. PMSG with virtual synchronous generator (VSG) control structure diagram.

2.3. The Linearization State Space

The PMSG dynamic model in Equations (1)—(7) is linearized to gain the small signal model of
MPSG with VSG control. A
d)t(W = AwAXw + BwAUw

Aly = CwAXw + DwAUw

®)

In Equation (6), AXyy is the MPSG state variable, AUy = [AUy, AUq]T is the MPSG bus voltage
and Ay = [Al, AIq]T is the MPSG bus injection current.

By combining Equation (8), the linearization model of the synchronous generator’s state equations
and the grid network equation considering load, the linearized state space model of the whole system
could be deduced as Equation (9).

40X — AAX + BAu

dt
Ay = CAX + DAu ©)

where AX = [AX1,AXy - AXn]T is the state vector, which is composed of the states of PMSG and
synchronous generator; Au = [Auy, Auy -+ Aur]T is the input vector; Ay = [Ayy, Ay - -+ Aym] is the
output vector.

3. LPV Based Adaptive Damping Control Scheme

Gain scheduling is a widely used technique for controlling certain classes of linear time-varying
systems, and it is also effective for nonlinear systems. Instead of seeking a single robust controller for the
entire operating range, gain scheduling consists of designing a series of controllers, switching controllers
once the operating conditions change. LVP is a time-varying vector of physical parameters p(t), which
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varies with time. The following figure is a simple model of systems. During the dynamic process of
the system, the parameters of the dynamic equations will vary with operating conditions. When these
parameters change in a wider range, it is often impossible to create a satisfactory performance over
the entire operating range with a single robust controller applied. If the parameters can be measured
online, it will be beneficial to the system stability by using controllers that incorporate these measured
variables to adaptively provide control performance for the current operating conditions as shown in
Figure 5. Such controllers will be scheduled by the parameters that can be measured.

W———  — /4

P(.p)

K(.p) =

p(t)

Figure 5. Gain-scheduled problem.

3.1. Polymorphic LPV System

Due to the Jacobian linearization method, the nonlinear model of the whole power system
integrated wind PMSG that considers the random behavior of the operating point can be transformed
into a linear variable parameter system. A linear variable parameter system refers to a system in
which the state space matrix elements depend on a continuous time varying parameter vector. The
variation of the parameter vector can be obtained by online measurement, and its range of variation is
bounded and determinable. An LPV system for an Hy/He, control model can be represented by a state
space equation:

x(t) = Ap(8))x(t) + Bi(p(t))w(t) + Ba(p(t) u(t)
oo = C, (p(1))x(t) + Deor (p(#))w(t) + Deoa (p(£))ut) , (10)
22 = Ca(p(8))x(t) + Dar (p(t))w(t) + D2 (p(£))u(t)

where x is the wind power system state vector, including the synchronous generator state variable and
the state variable of PMSG and VSG; u is control input vector; w is the external disturbance input vector,
according to the system disturbance; z., and z; respectively indicating the Ho, and H; indicators. A
represents the state matrix. B; represent the disturbance input matrix; B, the input matrix. Ceo,Deo1
and Do represent the state variables according to the Ho performance index, the disturbance matrix
and the control input coefficient matrix; C, D> and D»; are respectively related to the Hy performance
index with state variables, disturbance inputs and coefficient matrices for control inputs.

The LPV system can be represented by a polytopic shape. If there are m parameter variables in
the variable parameters of the LPV system, the corresponding polymorphic LPV system has vertices
N = 2", and the system variable parameters are N related vertices by, k =1, 2,---, N of the polytopic
vertices. Constantly changing, the variable parameter p satisfies:

IV

k

N
peco(by,k=1,2,---,N) = {Z aby: Y ap = } (11)
k=1 =1
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At the same time, the state space matrix of the LPV system also changes within the polymorphic
matrix of N related vertices:

A(p) Bi(p) Ba(p) A(by)  Bi(by)  Ba(br)
Coo(P) Dool(P) DOOZ(p) €co Coo(bk) Dool(bk) DOOZ(bk) ’ k = 1,2,---,N (12)
C(p) Dai(p) Dxn(p) Co(bx) Dyi(br) Daa(by)

Further, using the convex decomposition technique, the convex combination of the matrix of
the vertex system can be approximated by changing the coefficient ay and the actual system matrix.
The error of the convex combination of the vertex system matrix and the actual system matrix can be
measured by the difference between the two matrices L, norm, such as that shown in Equation (13).
Let oy change from 0 to 1 with a step size of 0.01. By traversing the calculation, select y as the lowest
coefficient ay to represent the actual system matrix. Then, the state space matrix of the polymorphic
LPV system can be represented by Equation (14).

A(p) Bi(p) Ba(p) N | A(by)  Bi(by)  Ba(by)
y=I| Colp) Dei(p) Dea(p) |-) x| Coolbe) Deor(b) Dea(t) |l (13)
C2(p) Dai(p) Dxn(p) | k=1 | Ca(by) Dai(bx) Dan(by)

A(p) Bi(p) Balp) N A(by)  Bi(by)  Ba(by)
Coolp) Deor(p) Dea(p) | =) k| Coolb) Deor(b) Do (by) (14)
C(p) Da(p) D2xn(p) k=1 | Ca(bx) Dyi(bx) Dan(by)

3.2. Mixed H,/Hs Control

When the parameter p is determined, the LPV system transitions to a linear time-invariant system:

x(t) = Ax(t) + Byw(t) + Bou(t)
Zoo Coc x(t) + Doo1w(t) + Doopu(t) (15)
zy = Cox(t) + Dyyw(t) + Dyou(t)

This paper uses state feedback to design the controller. Substituting the state feedback law u = Kx
into the open-loop system model in Equation (14), the closed-loop system model is obtained:

x(t) = Acx(t) + Byw(t)
Zoo = Coo X(t) + Doy (t) (16)
zp = Coex(t) + Dyyw(t)

where A, = A + B1K; Coo¢ = Coo + DopK; Coc = Cy + DoK.
A mixed Hy/He control damping controller requires the introduction of a state feedback matrix K.
The closed-loop linear time-invariant system meets the following objectives:

(1) He performance: the He, norm of the transfer function from the disturbance signals w to the
output variables z is defined as:

ITewz00 (5)lloo = SUPTmax (Twzeo (jw)) (17)

w

It represents the peak of the largest singular value of the system’s frequency response. From
a time domain perspective, it is the worst-case steady-state gain for a sinusoidal input of any
frequency. When w represents the disturbance signal with limited energy, it is || Tuwzoo (5)llo <

(2) H; performance: the Hy norm of the closed-loop transfer function from the disturbance signal w
to the output variable z; is defined as:
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||Tw,22<5)”2 = \/%I tr(T;ZZ(jw)TZUZZ(jw))dw (18)

where T, ,(jw) represents the conjugate transpose of Ty (jw); tr(-) is the trace of the matrix.
The H; norm is the rms value of the outputs under white noise excitation. For a given normal
number 7, it is || Ty (s)ll, < 1.
(3) D region pole configuration: the poles of the closed loop system are required to be placed in a
given D region:
D={seW: L+aM+aM" <0} (19)

where L = LT, and M is the given real matrix; W represents the complex field; a represents a
complex number; 4 is a conjugate of a. The D region is as displayed in Figure 6. Equation (17) is

2 0 0 1 0 0
L= 0 0 O0|M=|0 sinf -—cosB
0 0 O 0 cosf@ sinf
| I 1 1Im
l——

\

@\ Re

Figure 6. Regional pole configuration.

A feasible solution could be obtained by using the following linear inequalities [9] to satisfy the
above constraints:

min uy + ptr(Q)

rXYQ
AX+XAT +B,Y+Y'B] By XCL+Y'DT,
BT —yI DI, <0
CoX + DY Do —yI
Q CorX + Doy Y 0 (20)
XG," + YD, be g
L®X+M& (AX+B,Y) + M' ® (AX+ B,Y)" <0
tr(Q) <no’
V<70

where y¢, 170, ¢ and p are the parameters given to meet different design goals; ® represents the Kronecker
product. If (y*, X", Y", Q") is the solution of the inequality, the state feedback matrix is found to be
K=YX".

3.3. LPV-Based Gain Schedule Control

The vertices of the polymorphic LPV system are linear time-invariant systems with vertices
A(by)  Bi(by)  Ba(by)
Coo(bk) Deoo1(by) Dos2(by) |, k =1, 2,---, N. Substituting Equation (20) can obtain a state
Co(bx)  Dar(bx)  Daa(br)
feedback matrix of N vertices Ky, k =1, 2,---, N. Similar to the convex decomposition structure of
the LPV model, the vertex state feedback matrix Ki, k =1, 2,---, N is used as the N vertices of the
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polymorphic LPV controller. At any position of the polytope, the idea of robust variable gain and the
multi-model system convexity of LPV are used. The feature is obtained with a state feedback gain K
with global characteristics:

N
K= Z Ky (21)
k=1

4. Adaptive Damping Controller Design

4.1. Test System

The four generator two area test system [21] connected to PMSGs is shown in Figure 7. The
parameters of this DIFG are from reference [22]. The load is assumed to be a constant admittance in
the test system. The rated active power is 100 MW. The initial active output power of both PMSGs is
0.3 p.u., and an eigenvalue analysis is performed on this system. The oscillation modes ranging below
50 Hz are shown and displayed in Table 1; the first four modes ranging from 2.5 Hz to 50 Hz are SSO
modes caused by PMSGs. The damping ratios are relatively weak, which might cause the instability,
and the last three modes are the low frequency modes with satisfactory damping ratios. The controller
proposed in this paper mainly suppresses the SSO mode caused by PMSG. The parameters of VSG are
Ky =2, Dmp = 30, [, = 0.5.

12 0 13
=@ T
1 5 11 3
@+ D@

-

6 1

Figure 7. Modified four-generator two-area system with PMSGs.

Table 1. Eigenvalues and oscillation modes.

Mode Eigenvalue Freq./Hz Damping Ratio
1 -0.3611 + 119.7502j 19.06 0.0030
2 —0.2848 + 107.5388j 17.12 0.0026
3 —0.1982 + 90.3861j 14.39 0.0022
4 —0.3034 + 74.8455j 11.91 0.0041
5 —3.9387 + 12.8940j 2.05 0.2921
6 —4.1875 + 11.8834; 1.89 0.3324
7 —4.0214 + 4.5343j 0.72 0.6635

4.2. Damping Control

In this paper, a variable gain damping controller is designed by a hybrid H,/H control based on
the polytopic LPV system. We select the time-varying parameter vector p(t) that reflects the random
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drift behavior of the system operating point as the output active power of the two PMSGs. According
to the operating conditions of the system, the random fluctuation range of the two PMSG active powers
is 0.3 p.u. to 0.6 p.u. We establish a polytopic LPV model corresponding to the wind power system.
The number of elements of the time-varying parameter vector p(t) of the test system is 2, so the number
of vertices of the polymorphic LPV system is 4. The PMSG active power of vertex 1 is 0.3 p.u.; the
active power of PMSGI in vertex 2 is 0.3 pu; the active power of PMSG2 is 0.6 pu; the active power of
PMSGI1 in vertex 3 is 0.6 p.u., and the active power of PMSG2 is 0.3 p.u.; the 4 PMSG active power is
0.6 p.u.

The effectiveness of the damping power oscillations depends on the operating conditions. There
are two stages for the adaptive control design, including offline and online parts. In the offline stage,
the controllers are designed due to different vertices. In the online stage, the controllers are combined
with coefficient aj, which changes with the output of wind generation and can be identified online.
The damping controller control signal is added to the reactive power control and the active power
control of the rotor side converter of the fan. Considering the He, norm performance and H; norm
performance, the hybrid Hy/He control design method is designed to minimize the performance index,
which is 1l|Tz2(5)lly + Bl Twze0 (5)llo- Where p and B are the weighting factors, both take 1. We set the
pole configuration area so that the SSO mode damping ratio is greater than 0.1, and the real part of the
eigenvalue is less than —0.5, and we use the algorithm proposed in Section 1 to solve the state feedback
matrix of the vertex. After obtaining the state feedback matrix of each vertex in the running subspace,
the system adaptive damping controller can be obtained according to Equation (14). In the actual
power system, the measured values of all state variables of the system are generally not available.
Therefore, the state observer is designed to complete the estimation of the system state variables. The
state observer follows the linearized model structure of the actual system and designs an identical
system to observe the state variables.

5. Simulation and Results

5.1. 4-Generator System

In the test system, the PMSGI1 active power is 0.36 p.u., and the PMSG2 active power is 0.53
p-u. as the base case, which lays inside the convex domain. If the power values change, the control
performance will not be affected. The operating point parameter vector is denoted as [0.36 0.53] and
the coefficient vector «a is [0.04 0.76 0.2 0]. The sub-synchronous oscillation characteristic values of the
system before and after the introduction of state feedback are displayed in Table 2. It can be seen that
the SSO controller increases the damping ratio of the system’s subsynchronous oscillation mode. The
SSO mode damping ratio of the closed-loop system is greater than 0.1, and the controller meets the
design requirements.

Table 2. Subsynchronous oscillation (SSO) modes of the closed-loop system.

Frequency/Hz Damping Ratio
20.25 0.1565
15.43 0.1268
losed 1
Closed loop 12.92 0.1275
12.79 0.1496

To further demonstrate the effectiveness of the proposed adaptive damping controller, time
domain simulation is performed. At 1 s, the active reference power of each PMSG is superimposed
with 5% of the disturbance, and after 0.02 s, the disturbance is cleared. Figure 8 shows the PMSG
active power time domain simulation curve using the controller and not using the controller. The
blue dashed line and the red solid line represent the PMSG time domain simulation curves for the
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controllers not used and used, respectively. After the adaptive SSO damp controller is applied, the
active power is attenuated rapidly and the system resumes stable condition at a fast speed.

- 0.37 ‘
8 ----- Without control

2 — .

& 0.36 With proposed control | |
o

9]

3

a 0.35

(0]

=

3]

< 0.34 w ‘ ‘ ‘ ‘

1 1.2 1.4 1.6 1.8 2
Time(s)

8 0.365 :
o T Without control
E 036 —— With proposed control ||
‘S

5 0.355

3

[oN

o 0.35
=
©
< 0.345

Figure 8. Active powers of PMSGs.

The adaptive controller designed in this paper is compared with the fixed parameter Hinf controller.
The operating point of the Hinf controller design is the operating point of the test system when both of
the PMSG active powers are 0.4 p.u., that is, the state feedback matrix is designed at vertex 1. The
adaptive controller is a variable gain damping controller designed for this paper. In the test system,
the initial active power of the two PMSGs is 0.4 p.u., respectively, and the controller and the parameter
controller are added for time domain simulation. The time domain simulation results using different
SSO damp controllers are displayed in Figure 9. The black, blue and red curves are the active powers
of PMSGs without control, with Hinf control and with the proposed adaptive controller, respectively.
Att =2 s, the active power of both PMSGs becomes 0.2 p.u. When the PMSG output varies and causes
the current operating condition to drift from the specific operating condition designed for the Hinf
controller, then the Hinf controller will have a less effective damping effect on the subsynchronous
oscillation than the adaptive controller. The adaptive damping controller based on the polytopic LPV
system has a better adaptability to the random drift of the operating condition of the power system.
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Figure 9. Active powers of PMSGs with the changing wind outputs.
5.2. 39-Bus 16-Generation Test System

The New England 39 bus system with two PMSGs as shown in Figure 10 is used as the test system
to investigate the effectiveness of the proposed method further. The PMSG 1 and PMSG are added to
buses 6 and 32, respectively. The SSO modes are calculated, as shown in Table 3, under the base case
with the output active power of PMSGI at 0.4 p.u., and the active power of PMSG2 at 0.4 p.u. From
the table, it can be seen that there are three dominant subsynchronous oscillation modes with weak
damping ratios. The number of vertices of the polymorphic LPV system is 4. The PMSGs active power
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of vertex 1 are both 0.4 p.u.; the active power of PMSG1 in vertex 2 is 1.0 p.u., and the active power of
PMSG2 is 0.4 p.u.; the active power of PMSGI in vertex 3 is 0.4 p.u., and the active power of PMSG2 is
1.0 p.u. For vertex 4, the active power of the two PMSGs are both 1.0 p.u.

v v 23
; |
- 19
22
-—20
7 11 \ T
\ 10
8 31 32 =T34 33 — 35
CE @ @ (@

Figure 10. 39-bus system with two PMSGs added.

Table 3. Eigenvalues of SSO for open-loop system for Vertex 1.

Frequency/Hz Damping Ratio
28.4736 0.0036
27.2591 0.0027
14.4338 0.0061

A three-phase temporary fault is set at bus 8 at f = 1 s, and then the fault clearanceissetatt=1.1s
later. The dynamic responses of the two PMSGs are shown in Figure 11. The coefficient vector « is
under this situation is [0.89 0.06 0.05 0]. The blue dashed line represents the dynamic responses of
PMSGs without the control from which the SSO could not mitigate. The green and red solid lines
represent the dynamic responses of PMSGs with the Hinf control and with the LPV based control,
respectively. By comparison with the Hinf control, the proposed control shows better performance in
the case of fault.

The wind output power changes might affect the performance of controllers, and the simulation
results are shown in Figure 12. The fault occurs on bus 8 at t =1 s, and is cleared at t = 1.5s. Att =25,
the wind output power of PMSG1 changes from 0.4 p.u. to 1 p. u.,, and att = 4 s, the wind output
power of PMSGI changes from 0.4 p.u. to 1 p. u. The black, blue and red lines represent the dynamic
responses of the active power of two PMSGs. The coefficient vector o before t = 1 s is [0.89 0.06 0.05 0].
Att =2, coefficient vector a changes to [0.12 0.80 0.05 0.03] to match the operating condition, and
after t = 4 s, the coefficient vector a changes to [0.02 0.12 0.11 0.75]. The simulation results as displayed
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in Figure 12 demonstrate that that the proposed control could provide enough damp in the case of

wind changes.
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Figure 11. Active powers of PMSGs after fault.
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6. Conclusions

For the PMSG integrated system with VSG control, this paper proposes a sub-synchronous
oscillation adaptive damping control method. The contributions of this paper are concluded as follows:

(1) The linearized state space model of PMSG with the VSG controller is established and deduced,
and the power system integrated with PMSG is also built and an eigenvalue analysis is performed.

(2) The damp controller uses a hybrid Hy/H« multi-objective model to obtain the feedback signal
from the VSG, thereby enhancing the damping of the power system.

(3) The polytopic LPV system model is built with the help of an Hy/Hs, multi-objective model for
the design of an adaptive controller to maintain satisfactory damping performance when the
controller is randomly drifting at the operating point of the wind power system. The adaptive
controller is solved by the linear matrix inequalities to obtain a feasible solution.

(4) The time domain simulation results of the four-machine two-zone system and the 39-bus system
with PMSGs demonstrate that the LPV based SSO damping controller could provide enough
damping in the case of wind changes.

7. Discussion

The limitation of the proposed adaptive damping is the availability of wide area signals, which
are used as the feedback signals. Also, the time delay caused by the wide area feedback signals affects
the control performance. Meanwhile, the central frequency controller has not been considered, but the
frequency controller for maintaining the frequency stability, which gains more attention, will be the
future research field of our research group.
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