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Abstract: This paper presents a method to seek the PI controller parameters of a PMSG
wind turbine to improve control performance. Since operating conditions vary with the
wind speed, therefore the PI controller parameters should be determined as a function of
the wind speed. Small-signal modeling of a PMSG WT is implemented to analyze the
stability under various operating conditions and with eigenvalues obtained from the
small-signal model of the PMSG WT, which are coordinated by adjusting the PI controller
parameters. The parameters to be tuned are chosen by investigating participation factors of
state variables, which simplifies the problem by reducing the number of parameters to be
tuned. The process of adjusting these PI controller parameters is carried out using particle
swarm optimization (PSO). To characterize the improvements in the control method due to
the PSO method of tuning the PI controller parameters, the PMSG WT is modeled using the
MATLAB/SimPowerSystems libraries with the obtained PI controller parameters.
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1. Introduction

The penetration of renewable energy resources has seen consistent growth in recent years [1,2].
In particular, the use of wind power has grown considerably, and as of the end of 2011 significant
commercial installations have appeared in 80 countries, totaling approximately 240 GW; the average
annual cumulative growth rate of wind power over the past 15 years has been approximately 28% [2,3].
Due to this increase in capacity, the specific technical requirements for wind turbines (WTs) have led
to control issues [4].

In this paper we focus on improving the control of WTs by tuning the controller parameters
depending on the wind speed. The wind speed is an important factor that determines the operating
conditions of WTs, and may vary arbitrarily and in an unpredictable manner; controller parameters
should therefore be tuned for various wind speeds. In this paper, the WTs considered are permanent
magnet synchronous generator (PMSG) turbines. Along with doubly fed induction generator (DFIG)
WTs [2,5], PMSGs are the most common type of WT; however, PMSG WTs are preferable, since the
former have lower maintenance costs [2,6]. The maintenance cost is an important factor since most of
the large-scale wind farms have been sited on off-shore recently. This phenomenon is due to its
geographical limitation and environmental regulations for on-shore site. The controller is designed as
a proportional-integral (PI) controller since it is the most common controller used in industrial
applications today [7,8].

Many literatures on WT control performance issue have been published [4,9-15]. A comparison
between a PMSG WT and a DFIG WT was studied from the stability perspective in [13], but no method
for tuning controller parameters to improve control performance was proposed. In reference [4],
two different PMSG WT control modes were compared with each other and analyzed from the power
coefficient and stability perspectives. However, it did not contain any theoretical analysis such as
small-signal analysis which gives more precise result of analysis. For precise analysis of the control
performance, some early works have investigated using optimization algorithms and small-signal
analysis. For instances, in reference [9], DFIG controller parameters were tuned by particle swarm
optimization (PSO) and in reference [10], small-signal modeling and analysis was implemented and Pl
controller parameters were adjusted by investigating traces of eigenvalues. For other instances,
a genetic algorithm (GA) was used in reference [11] to adjust the controller parameters of a PMSG WT
and a torque compensation strategy for PMSG WTs to improve the system stability was presented in
reference [12]. A major demerit of references [9-12], which is the main focus in the paper, is that
they have only considered a fixed wind speed and that of references [10,12] is that they did not
apply optimization algorithms, so they cannot guarantee that the designed controller parameters are
optimized to their objective. A small-signal stability analysis of a DFIG WT was presented in
references [14,15]. A controller parameter adjustment for different wind speeds was implemented in
them, but the number of considered wind speed points for designing the controller parameters is
insufficient to apply to various wind speeds. Overall, the small-signal modeling and analysis of a
PMSG WT has been rarely researched [10].

In this paper, PI controller parameters of a PMSG WT for various wind speeds are designed to
improve control performance. To this end, small-signal modeling is implemented for analyzing the
control performance of a PMSG WT. Eigenvalues which can be obtained from a system matrix of the
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small-signal model are coordinated by adjusting the Pl controller parameters. The parameters to be
tuned are selected by using participation factors to make the problem simple. The process of adjusting
the parameters is conducted by using a PSO algorithm which uses the heuristic-based swarm
intelligence concept. It is known to effectively solve large-scale nonlinear optimization problems and
has fast convergence characteristics [16]. The effectiveness of the Pl controller parameters obtained by
the proposed method is verified by a simulation which applies them to a PMSG WT modeled in
MATLAB/SimPowerSystems.

2. Small-Signal Modeling

Figure 1 shows the system to be analyzed, which contains a PMSG WT integrated with an infinite bus.
It is composed of the WT drive train, a PMSG, a machine-side converter (MSC), a DC-link capacitor,
a GSC, an RL-filter, and a transformer. In this section, each component of the system will be
formulated into a state-space model, which will then be used to find the eigenvalues.

Machine-Side Grid-Side
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Figure 1. Schematic diagram of the system.
2.1. Wind Turbine Model

The power that can be extracted from the wind by a WT can be expressed as [17]:
1

Pi=5C, (4 p)prry, (1)
a)tr
A= @)

where 1 is the tip-speed ratio, g is the pitch angle, p is the air density, r is the blade radius, vw is the
wind speed, wt is the rotational speed of the WT, and C; is the power coefficient of WT which is a
function of 4 and S. Cp is given as [17]:

— 151 214 ~18.4/4
C, —0.73(7—0.58ﬂ—0.002ﬂ —13.2je (3)

(1 0003 N
' \1-0028 p41) (4)
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The pitch angle g is controlled only when vw exceeds the rated wind speed to maintain the rated
active power of the PMSG. Otherwise, it is kept constant at # = 0° which is the only considered value
of p since only the operating conditions under the rated wind speed will be treated in this paper.
Hence, it does not influence the small-signal modeling.

For a given vw and p, there is an optimal rotational speed of the WT wtopt Which gives an optimal
tip-speed ratio Aopt [18,19]. It is essential to maintain wt = wtopt to Maximize Pw which is an objective of
the maximum power point tracking (MPPT) control. This means that it is to make Cp to the maximum
value Cpmax, SO the maximum power that can be extracted from the wind is given as [17]

P =K &

W, max opt ““t,opt (5)

3
1 r
Ky ==C, orl’| — | . 6
o =5 Coms (4} ©)

It can be implemented by controlling the electrical rotational speed of the generator rotor we,
which has a following relationship with et [17]:

, = Nppa)m = Nngppcot @)

where Npp is the number of pole pairs in the PMSG, Ngr is the gear ratio, and wm is the mechanical
rotational speed of the generator rotor. wm accelerates or decelerates respect to the WT driving torque
equation [20]:

do

T,-T =17 -
e m eq dt (8)

where Te and Tm are the electromagnetic and the mechanical torque of the generator, respectively,
and Jeq is the total equivalent inertia referred to the generator which contains the turbine and the
generator inertia.

2.2. Permanent Magnet Synchronous Generator Model

Transforming a three-phase stator current imanc into the machine-side dg-reference frame aligned
with the electrical rotor position @, the voltage and torque equations of the salient-pole PMSG can be
expressed as [20]:

vd:Rsimd+de(lj—”;d—a)Li

m e —q 'mq
di (9)
Ving = Riling + Ly d—”t‘q+coe Lying + @A,
T 30 .
e o pp{ pmlmq+(|‘d_|‘qymdlmQ} (10)

where Rs is the stator resistance, pm is the permanent magnetic flux, and Vmd, Vmg, imd, img, Ld, and Lq are
the d- and g-component of stator voltage, current, and inductance, respectively.
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2.3. Machine-Side Converter Controller Model

The MSC control structure is shown in Figure 2. It consists of three PI controllers each of which
controls the current imd, imq, and the active power output Pou, respectively. Superscript * denotes the
reference values of the Pl controller inputs. From Equations (5)—(7), (9), we may determine
expressions for the relevant MSC controller as follows:

i =0A
. di L
Rslmd + Ld T = Kpl (Imd g )+ Kil(ol
M = i* —1
dt md md
3
* a)
Pout = Kopt( : ]
NppNgr
3 . . 3/ . . 3 .
Pout = E(Vsd Iy + Vsq sq ) = E(Vsd Igd +Vsq aq ) = Evsd Igd (ll)
i:nq = sz (Pout - Po’ut)_'_ Ki2(02
d(DZ = Pout B Potjt
dt
iy .
Ry + L, . K s (img =g )+ Kia®s
% = i* —1
dt mq mq

where Kp1—Kps and Kii—Kis are the p- and i-gains of the PI controllers, Vsd, Vsq, isd, and isq are the d- and
g-axis voltage and current at the terminal of RL-filter, igs and igq are the GSC terminal d- and g-axis
current, respectively, and g1—¢3 are the intermediate state variables introduced by the PI controllers.
Imposing imd = 0 is an optimal approach to avoid the nonlinearity of Equation (10) and to minimize
current coupling [21,22]. This reduces Equation (10) to [23]:

To= g N oo Apming- (12)

Regulating i"mds = O guarantees minimum stator currents for a given torque, which enhances the
mechanical efficiency [22]. When calculating Pout, Since it passes through same current path, isd and isq
can be set equal to igs and igq, respectively. Since the grid-side dg-reference frame is aligned with 6,
which is the angular position of the RL-filter terminal voltage, vsq = 0 which allows to eliminate vsq
term in Pout Shown in Equation (11). The dynamic process of the converter can be ignored since it is
much faster than electromagnetic and mechanical dynamic process, so it can be assumed that vmd = Vi,

V’;nq = Vmq [10]
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Figure 2. Control structure of MSC.

2.4. DC-Link Model

Figure 3 shows the power flow through the DC-link part from the PMSG to the power grid where
Cudc is the capacitance of the DC-link capacitor, Pp and Pwm are the active powers from the PMSG and
the MSC, respectively, Pc, P, and Pr are the active powers flow into the DC-link capacitor, the GSC,
and the RL-filter, respectively, and Vac and lac are the DC-link voltage and current, respectively.
Assuming that power losses in the MSC, the GSC, the RL-filter, and the transformer can be neglected,
the active power transferred from the PMSG to the grid can be expressed as:

md'md ~ Vmgq'mq
dv,
PC :Vdcldc :Vchdc d_td = I:)M - PG (13)
PG = I:)F = Pout'
Pu P
P — = P
B + ﬂpc I
- “g]:} Vdc ::Cdc 4‘%]} —
—] - e —
MSC GSC

Figure 3. DC-link power flow.
2.5. Grid-Side Converter Controller Model

The voltage balance across the RL-filter shown in Figure 1 can be expressed as [20]:

- digd -
Vgg = Rilyy + L E—a)stlgq + Vg
(14)

: di, _
Vgq = Relgq + Ly Eerstlgd +Vg,
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where vgd and vgq are the GSC terminal d- and g-axis voltage, respectively, Rr and Lt are the resistance
and the inductance of the RL-filter, respectively, and ws is the angular frequency of the RL-filter
terminal voltage.

Figure 4 shows the structure of the GSC controller. It includes four PI controllers, which control
Ve, lgd, igq, and the reactive power output Qout, respectively. As that of the MSC controller, superscript *
denotes for the reference values of the PI controller inputs. Based on Equation (14) and the control
structure shown in Figure 4, the equations relevant to the GSC controller can be expressed as follows:

V,. =5400 V
o = Ko (Vdc _Vd2)+ Kis®,

Iy

% :Vdc _th;

dt
- dlgd -k -
Rlgg + Ly at =Kps (Igd g )"‘ Kis®s
doy i —i
de ¢
Q.. =0 VAR

3 3 3 (15)
Qout = E(Vsqisd — Vg -sq ) = E(Vsq-gd _Vsdigq ) = _Evsdigq
i;q =Ko (Qout _Q;ut)_'_ Kis®s

d .
% = Qout - Qout

: di N
Rflgq + Lf dgtq = Kp7 (ng _ng)+ Ki7¢7
dor o+
dt 9q gq

where Kps—Kp7 and Kis—Kiz are the p- and i-gains of the PI controllers, respectively, and ps—¢7 are the
intermediate state variables introduced by the P1 controllers. Imposing Q'out = 0 is to maintain the unity
power factor. As mentioned in the previous section, iss and isq are equal to iga and igq, respectively,
and vgs = 0, so Qout can be simplified as shown in Equation (15).
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Figure 4. Control structure of GSC.
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2.6. Power Grid Model

As shown in Figure 1, the PMSG WT is connected to the infinite bus via the transformer and the
transmission line. To establish the equations of the power grid, assuming that the resistance of the
transformer is neglected, the circuit on the right side of node s in Figure 1 can be simplified as Figure 5
where xt and x. are the reactances of the transformer and the transmission line, respectively, igdq is the
GSC terminal dg-axis current, vsiq is the RL-filter terminal dg-axis voltage, vidq iS the infinite bus
dg-axis voltage, |vsdq| and |vidg| are the magnitude of vsiq and viag, respectively, and ¢ is the angle of the
infinite bus voltage relative to the reference angle. Since the reference angle is aligned to that of vsq,
the equation of the current flows into the power grid can be calculated as:

sin0—|v ‘siné+ i V| COS0+[Vigq|COS & 16)

XTL XTL

_ Vsdq idg

gdq

where xtL is the summation of xr and x.. Since the power factor is maintained to unity, igdq iS in phase
with vsdq. And this makes the real part and the imaginary part of igdq to be iga and igq, respectively.
Thus igs and igq can be written as:

_ [Vigg| SiN &
iy =~ ——
X
TL (17)
Vg o+ |Vigg|cOs S
| =
. XTL
Vgaq| £0 ‘qu‘l5
X X, I

Infinite Bus

Figure 5. One-line diagram of the power grid.
2.7. Complete Small-Signal Model

To analyze the system stability following a change in the wind speed, and to evaluate the
effectiveness of the controller parameters for the whole system, it is necessary to establish a complete
small-signal model of the PMSG WT. By linearizing Equations (1)-(17), small-signal state-space
equations of the PMSG WT can be obtained as follows:

X = Ax+Bu
y =Cx+Du

X=[a)e g imq V. igd igq OOy O3 Oy P5 Py (p7]T (18)
U=[V, i Vi Qi |
y = [Pout Qout ]T



Energies 2015, 8 1414

where the individual elements of matrix A, which are derived as explained in the Appendix, are given
at the bottom of the page and the subscript 0 appears in the elements of A denotes for the initial value.
The matrices B, C, and D are unnecessary to calculate since the main purpose of the small-signal
modeling is to acquire eigenvalues of A. It is sufficient to analyze the system stability only with the
eigenvalues of A since they are identical to the system poles before cancellation of common poles and
zeroes in the transfer function [24].

76111 a, &, 0 0 0 0 0 0 0 0 (0] 0
(0] a,, 0 (0] (0] 0 a,; 0 0 0 0 (0] 0
a3.l O a3.3 o a3,5 a3,6 0 a3.8 a3,9 o O 0 0
a4,1 a'4.2 a4,3 a4,4 a4.5 a4.6 a4,7 a4.8 a4,9 o o O O
o 0 0 a5,4 a5,5 O o o O a'S,lO a5,11 o O
0 6] 0 0 Qs g 0 0 (0] (0] 6] ., Bgis
A= 0 ., 0 0 (0] 0 0 0 0 0 0 (0] 0
A5, 0 0 (0] A5 A6 0 0 (0] (0] 0 0 0
&, O a, 0 ay; a4, 0 a, O O 0 0 o
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(0] 0 0 Q.4 Qs 0 0 0 0 Q110 0 (0] 0
(0] 0 0 (0] Qo5 Ay 0 0 0 0 0 (0] 0
| (0] 0 0 (0] Q35 Qe 0 0 0 0 0 Q31 0
2,3 N2 2 N2 N2 2
_ 9.305p7r VW()Npp 217.965VW0NWNgr _42.092VW0NppNgr 1 exp —18.4VW0NppNgr 00552, a, - 3Npp (Ld L )i
g 2, r2w? ro r ’ 2] a/mao?
eqweo weo e0 e0 eq
3N?2 ) -K,-R K 3K, K ,K a8 -K,—R 3K ,K X2 i2
31,3 — PP {/Ipm +(Ld _ Lq)lmdo : az,z _ pl s , 32,7 :Tuv a&l _ opt 3p2 3p3 20 Y 33,3 _ p3 s ’ ag,s _ p2™p3 Vo — TL ng. ’
2‘]Eq Lﬂ d LqupNgr Lq 2Lq Veao t XTngqO
—3K K X i K., K K 3i 3K, K K 3 . .
_ p2"' *p3”-TL gd0 _ i2" “p3 _ i3 mg0 A opt' “p2° “p3~7e0 H — — —
= ) = vy =8, =——— - —E = Tt Lo+ A Q= K timgo = Vindo — @eoliingo )+
s 2Lq e Lq e Lq * 2CVaeo { meLq [ NinNgr Folwo " ]} “ 2CVaco ( primeo 90 o qo)
3(Vyoirgo F Vogoliao + Vegol i 22 2 :2
a,,= 3 (a)eOLqime Vo + Kp3imq0)' a,, = ( mdolmdo T Vimgo r;\qo sd0 ng) = 3 3K 55K palngo XTngdo- vy vy, + XTngdU- ’
2CoVaeo 2CeVaco 7 2C Vo 2 Vsgo + Xrilggo Vsgo + Xrilgg0
a,, = 3XTLing 1_3Kp2Kp3imq0 ,a,, = —3Kiimao LA, = _3Ki2KP3imq0 LA, = _3Ki3imq0 La, = KD4KDS LA, = 7Kp5 -R By = KI4KP5 8y :&'
" 2CVeeo 2 ’ 2C4 Voo ' 2CVyeo ' 2C, Voo ' L, ' L, ' L ' L
_ 3erKp7XTzLigaoigqo _ 15K 6K, (XTLiqu _Vsdo)_ R —Ky _ KisK s _& a,,=-1 _ ’SKoptwezo 7§ _ XTZLigzao
5 B v 96,6 T a5‘12 = ’ as,13 - v 72 aS,l = 3 3 ) aa,s = Vsdo N ’
2Lf (VSUO + XTI—'QCIO) Lf Ly Ly N ppNgr 2 Vsaso T Xrilgqo

—3X, i 3K K .2 242 —3K X, i
86 :%gd()’ ay, 202‘722&)&0, 3, =-1 Ay :SJKJ 40 *Lgdo_ , Q6 :%Ugdo, 8 =Kips A, =1 a,, =Ky, 85 =-1,
NNy 2 Vego + Xrilgqo
2§ 3( Xp g0 — V. 2§ 3K 6 ( Xriigqo — V.
8150 = Kig, I =M’ a6 :M, 25 =M’ Q36 ZM*L 8510 = K.
Y 2(Vsdo JrxTL'qu) Y Z(Vsdo JrxTL'qu)

3. Optimization Algorithm

Here PSO is employed due to the effectiveness in solving optimization problems. A brief
introduction to the PSO algorithm follows, together with the problem formulation.

3.1. Particle Swarm Optimization Algorithm

PSO is part of the swarm intelligence family of algorithms, which are known to effectively solve
large-scale nonlinear optimization problems [16]. It exhibits excellent performance in searching for the
global optimum because it can diversify the swarm using a stochastic velocity term [25]. Particles look
for the optimal solution in search space based on position, which is learnt heuristically and iteratively.
The movement of the particles is based on the following relations [25]:
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VAt =wV +grand, (X — X )+ corand, (X§, - X

i i (19)
k+1 _ vy k k+1
XK= X4V, 20)
k (Wmax ~ Whin )
W= W — N (21)

where X is the position vector, V is the velocity vector, w is the inertia weight, | is the particle index,
k is the iteration index, Xib and Xgb are the local and global optimum positions of the swarm, and N is
the total number of iterations. The parameters c1 and cz are the two acceleration constants, and rand:
and rand2 are two random numbers with a uniform distribution in the range [0.0, 1.0]. Typically, the
maximum value of c1 + c2 should be 4.0, and an effective initial condition is c1 = c2 = 2 [16,26,27].
In this paper, c1, C2, Wmax, and Wmin are set to 2, 2, 1, and 0.1, respectively, grounds for experimental results.

3.2. Problem Formulation

The goal of the optimization algorithm is to minimize the objective function J which is given as:

1
J= +fp

jlpzé,lfls{Re (;LJ' )}‘

f {1000, if _[nzaxs{Re(ﬂj)}zo

(22)

0, otherwise

where J; is the jth mode eigenvalue of the system matrix A in Equation (18) and fp is the penalty
function which is for determining whether the system is stable or not. Equation (22) is referred to in
reference [25] with a slight modification of the penalty function. If the system is unstable or marginally
stable which means the maximum value of the real part of eigenvalues is larger than or equal to 0,
fo becomes larger to prevent unstable or marginally stable system. The minimum and the maximum
values for p- and i-gains of the PI controllers are set to 0.01 p.u. and 20 p.u., respectively. The PI
controller parameters will be set to the minimum if they are lesser than the minimum and will be set to
the maximum if they are larger than the maximum.

4. Case Studies

Three cases are studied in this paper to investigate the effectiveness of the proposed method. In Case I,
the PI controller parameters, which are obtained by an experimental simulation test, are used to test the
control performance of the PMSG WT. A classical method of tuning the parameters is adopted in
Case Il. In this case, participation factors of state variables of Case | are acquired, and then the PI
controller parameters to be tuned are chosen. With changing the selected parameters, traces of
eigenvalues are obtained. By observing the trace of eigenvalues, parameters that place eigenvalue at
the leftmost point of the complex plane can be selected. The last case is the proposed method which
uses PSO to minimize the objective function J in Equation (22). This optimization algorithm is applied
to various wind speed points to change the parameters if the wind speed is changed. At every wind
speed, participation factors are obtained to select the PI controller parameters to be controlled.



Energies 2015, 8 1416

4.1. Case I—Adjusting Experimentally

In Case I, the PI controller parameters are adjusted heuristically by simulation test. This was done
by MATLAB/SimPowerSystems model of the test system. After the test model is established,
Pl controller parameters are acquired by running simulation with trial and error. Among a number of
trial runs of simulation by changing the parameters, a set of them that gives the best simulation results
are chosen. They are shown in Table 1. With these parameters, the eigenvalues are obtained at the
wind speed of 8 m/s and they are shown in Table 2. As shown in Table 2 for Case I, all of the real parts
of the eigenvalues are negative, so the system is stable. However, to improve control performance, it is
essential to move the dominant system poles, which are the eigenvalues that have large value of real
part relative to the others, to the left side of the complex plane. In this case, A5 and ¢ are of interest to

relocate. The classical method to carry out this procedure is investigated in Case I1.

Table 1. PI controller parameters for three cases at vwo = 8 m/s.

Parameters Value (inp.u,)
Case | Case Il Proposed method
Kp1 1 1 4.14
Kiy 1 1 4.10
Kp2 0.1 0.01 0.01
Kiz 0.01 0.06 0.14
Kps 1 1 0.73
Kis 0.2 0.2 2.57
Kpa 1 1 291
Kia 0.5 0.5 3.78
Kps 1 1 17.46
Kis 0.2 0.2 17.15
Kps 1 1 4.61
Kis 1 1 3.82
Ko7 1 1 2.12
Kiz 1.2 1.2 0.21

Table 2. Eigenvalues for three cases at vwo = 8 m/s.

Index Eigenvalues

Case | Case Il Proposed method
A —720.76 —713.70 —13945.12
A2 —333.29 —341.44 —-165.88 + j627.30
/3 —-13.98 +j80.97 —7.67 +j78.26 —25.21 +j202.28
A4 —13.98 —j80.97 —7.67 —j78.26 —25.21 —j202.28
A5 —-2.36 +j80.59 —7.01 +j6.53 -15.01
A6 —2.36 —j80.59 —7.01 - j6.53 -15.03
A7 —80.56 —80.32 —379.52
/8 —95.76 —98.24 —165.88 — j627.30
A9 —261.31 +j357.16 —261.31 +j357.16 —-1673.04
210 —261.31 —j357.16 —261.31 —j357.16 —480.39
Al —737.57 + j503.99 —737.57 + j503.99 —9524.57
12 —737.57 —j503.99 —737.57 — j503.99 —37.22
13 —176.62 —176.62 —264.98
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4.2. Case II—Classical Method

Since there were 14 P1 controller parameters in the PMSG WT system, selecting parameters that are
strongly related to the dominant poles is helpful to make the problem simpler. This procedure can be
carried out by searching the relationship between the eigenvalues and the state variables from
participation factors of those state variables [28,29].

Table 3 lists the participation factors. It can be seen that the eigenvalues to be relocated are
dependent on the two state variables we and @2, which are related to the parameters Kp2 and Kiz, as can
be seen from Figure 2. To coordinate dominant system poles at the leftmost point of the complex
plane, the traces of the dominant system poles Ky2 and Kiz are plotted, as shown in Figure 6. Here As
moves to the left-hand side of the complex plane, whereas 1s moves to the right-hand side and,
eventually, the real part of it becomes larger than 0, which indicates that the system became unstable.

Table 3. Magnitudes of participation factors of state variables for Case I.

A A2 A34 56 A7 g Aogo A1 A3

we 0 0 0 051 O 0 0 0 0
g 0 0 0 0 0 0 062 0 0
ig 001 138 001 0 0 039 0 0 0
Vee 003 001 054 0 003 0 0 0 0
iy 114 002 005 0 008 O 0 0 0
iy 0 0 0 0 0 0 0 105 005
o1 0 0 0 0 0 0 062 0 0
g2 0 0 001 052 O 0 0 0 0
s 0 04 0 0 001 141 0 0 0
ga 001 002 053 0 005 001l 0 0 0
s 013 0 003 0 117 002 0 0 0
s 0 0 0 0 0 0 0 027 086
o1 0 0 0 0 0 0 0 082 009

Figure 6b illustrates that /s and s initially move toward the left-hand side of the complex plane,
until the real part becomes approximately —15; subsequently one of them moves in the opposite
direction and the other continues to move in the same direction. The traces of A3 and A4 should be
noted, since they move to the right-hand side as Kiz increases. From the traces of eigenvalues, we may
conclude that Kp2 should be decreased and Kiz should be increased appropriately. Tuned values of the
parameters and the corresponding eigenvalues for Case Il are listed in Tables 1 and 2, respectively.
It can be seen that the real parts of 1s and 16 in Case Il were smaller than in Case I; however, the real
parts of 13 and 14 became larger and approached those of As and As. In this case, other parameters that
those related to A3 and A4 should also be adjusted to improve the control system; however, it is not
straightforward to search the traces of eigenvalues. To solve this problem, we apply PSO, as described
in the following subsection.
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Figure 6. Eigenvalue analysis. (a) Trace of the dominant poles when Kp2 increases;
(b) Trace of the dominant poles when Kiz increases.

4.3. Case l1I—Proposed Method

Figure 7 shows a flow chart of the PSO method. At wind speed intervals of 0.1 m/s from the cut-in
wind speed of 3 m/s to the rated wind speed 11 m/s, the PI controller parameters that minimize J were
searched for. Initially, the wind speed was set to vw = 3 m/s and all of the parameters were adjusted to
minimize J. Then vw was increased by 0.1 m/s, with the optimized parameters acquired using PSO at
vw = 3 m/s used to initialize the problem. The dominant pole ps was determined, which had the largest
real part, and the other poles with real parts that were of similar magnitude to that of ps (with a
difference of less than a tolerance &) were found, if they existed. This tolerance for locating additional
significant pole was & = 0.5. A set of PI controller parameters Sp, which are strongly dependent on the
dominant poles, were searched for by using the participation factors. By setting these parameters Sp as
variables to be tuned, rather than all 14 parameters, the minimization of J is simplified. The PSO
algorithm was then implemented to obtain the parameter set Sp. This process was repeated in 0.1-m/s

increments of vw, up to vw = 11 m/s.
( Start with v, =3 m/s )
——

Set all parameters as

eeleesadiLting adjusting variables to
variables to minimize J I
minimize J

12

Implement PSO algorithm

No

Vyy =V, +0.1m/s

Select the most dominant pole
p, = max {Re(lj)}

j=1,2,..13
v
If there exists 4 that satisfies

\Re(zj)—Re(pd)\q forj=1,2,..,13

set as additional dominant poles

L2
Find the set of parameters Sp that
are relative to the dominant poles
from participation factors

End

Figure 7. The whole flow chart of the proposed method.
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The resulting PI controller parameters are shown in Figure 8, where Kpz, Kiz, Kps, and Kis are plotted
as a function of the wind speeds in the range 3 < vw < 11 m/s. The other parameters remained the same
as those listed in Table 1, which were obtained at vw = 3 m/s. As shown in Table 4, the dominant poles
at vw = 3 m/s were 15 and Zs and were strongly dependent on the state variables we and @2, which
follows from the participation factors. Those variables are related to Kp2 and Kiz, as mentioned
previously, which is to be expected since they are the controller parameters that determine the active
power, and react much more slowly than those that determine the currents. During the PSO
optimization, Kp2 remained constant at the minimum, since it tended to decrease for the whole range of
the wind speeds. The parameter Kiz also tended to decrease as the wind speed increased. Only these
two parameters were controlled until the real part value of A3 and A4 became closer to those of /s and 16
at vw = 9.9 m/s (see Table 4). Thus at vw = 10 m/s, Kps and Kis (which are related to A3 and 14) were also
selected as parameters to be modified. After adjusting Kps and Kis at vw = 10 m/s, the real parts of 1s
and 1s became much smaller than those of 13 and 14 (see Table 4). Subsequently, only Kp2 and Kiz were
adjusted for wind speeds of vw > 10 m/s.

0.2 6

o
=
o

IS

e
-

Value (p.u.)
Value (p.u.)

e
=)
a

=)
o

Figure 8. The parameters obtained by using PSO algorithm for various wind speeds.
(a) Kp2 and Kiz for vw = 3-11 m/s. (b) Kps and Kis for vw = 3-11 m/s.

Table 4. Eigenvalues for the proposed method at particular wind speeds.

Index Eigenvalues

Vw =3 m/s Vw = 9.9 m/s vy =10 m/s
M —13944.43 —13946.34 —13888.08
A —-160.40 + j626.99  —168.52 + j627.74 —173.50 + j623.71
A3 —39.60 + j208.09 —18.75 + j197.66 —42.21 +j205.74
Aa —39.60 — j208.09 —-18.75 - j197.66 —42.21 —j205.74
A5 -5.68 +j0.002 —-18.45 —18.65 + j0.006
As -5.68 —j0.002 —-18.47 —18.65 — j0.006
A7 —379.47 —379.55 —380.57
Ag —-160.40 — j626.99  —168.52 —j627.74 —173.50 - j623.71
Ay —-1673.04 -1673.04 -1673.04
10 —480.39 —480.39 -480.39
A —9524.57 —9524.57 —9524.57
12 -37.22 -37.22 -37.22
13 —264.98 —264.98 —264.98
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5. Simulation Verification

1420

The effectiveness of the proposed method was investigated using simulations. The parameters listed
in Table 1 were applied to the PMSG WT modeled using the MATLAB/SimPowerSystems libraries.
The parameters describing the PMSG WT system are given in the Appendix. Due to the large number
of sets of PI controller parameters for the whole range of wind speeds considered in Case llI,
we describe a simulation test at viw = 8 m/s, since this can demonstrate the superiority of the PSO method.
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Figure 9. Simulation test results for three cases. (a) Wind speed; (b) Active power output;
(c) Reactive power output; (d) DC-link voltage; () MSC d-axis current; (f) MSC g-axis
current; (g) GSC d-axis current; (h) GSC g-axis current.

Figure 9a shows the time dependence of the wind speed that was applied to the PMSG WT, and
Figure 9b—h show the dynamics of the system state variables and output variables for the three control
methods. The data were filtered using a low-pass filter to provide a better comparison, as the original
signals contained harmonic distortion. From Figure 9b,f-h, it can be seen that the signals from the PSO
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method (Case 1l1) stabilized the system to a steady-state more rapidly than those of the other control
methods. Moreover, overshoots of the signals were smaller with the PSO method. From Figure 9c,d,
we can see improved performance in terms of Qout and Vac with the PSO method, which maintained their
reference values well, whereas those of the other methods temporarily deviated from the reference values.

6. Conclusions

We have described a tuning method for the PI controller parameters of a PMSG WT. To acquire the
dominant poles of the system and evaluate the stability, a small-signal analysis of the PMSG WT was
carried out. The PI controller parameters were then adjusted to minimize the real part of the dominant
poles. This process was implemented using a PSO algorithm, which is an efficient algorithm to solve
nonlinear optimization problems.

Since the operating conditions of the PMSG WT change when the wind speed fluctuates, parameter
sets were obtained for the wind speeds with 0.1 m/s increments in the range from the cut-in speed to
the rated speed (i.e., 3-11 m/s). To simplify the problem, the Pl controller parameters that were
strongly related to the dominant poles were selected to be adjusted using the PSO algorithm using the
participation factors; this was carried out for each wind speed investigated, except vw = 3 m/s,
for which all parameters were optimized.

To verify the effectiveness of the proposed method, the PMSG WT shown in Figure 1 was modeled
using the MATLAB/SimPowerSystems libraries. Based on these simulated data, we may conclude that
the control performance of the proposed method gives faster rising and settling time and has smaller
overshoot than those of the other cases.

Acknowledgments

This work was supported by the Human Resources Development program (No. 20124030200030)
of the Korea Institute of Energy Technology Evaluation and Planning (KETEP) grant funded by the
Korea government Ministry of Trade, Industry and Energy.

This work was supported by the New & Renewable Energy program (No. 2012T100100064) of the
Korea Institute of Energy Technology Evaluation and Planning (KETEP) grant funded by the Korea
government Ministry of Trade, Industry and Energy.

Author Contributions

Yun-Su Kim modeled and tested simulations and compiled the manuscript. 11-Yop Chung collected
the data and investigated early works. Seung-1l Moon supervised this work.

Appendix
Al. Derivation of Matrix A

From Equations (1)—(4), (7) and (8), a derivative of we can be given as:



Energies 2015, 8 1422

do, . -P
T T = N (L
e eq m
N2 110.23N_N_V
_ pp H ,O/Z'I’ V pp’ Tgr'w
"5 [3i {2 + Ly = Ly )ia }+ p x o —9.30531) (23)
184N N,
xexp( —0.0552)]
ro,
A linearization of Equation (23) around steady-state values gives:
dAw, . i
dt = al,lAa)e + al,ZAImd + al,BAImq (24)

From Equations (9) and (11), derivatives of imd and imq can be calculated. The derivative of imd can
be given as:
di., 1
d_td = L_d{(o g K + Ky —Ri g} (25)
A linearization of Equation (25) around steady-state values gives:

dAi .
dt <= a, Al +8,,A0, (26)

And the derivative of imq can be given as:

diy,, Kopta)e3 . .
dt :_[{( sd gd N3 N3 )sz+(02Ki2_Imq}Kp3+¢3Ki3_Rslmq] (27)
pp "or

In Equation (27), the variable vsq, which is not defined as the state variable, is contained so a
linearization of vsa should be expressed as terms of linearization of state variables. From Equation (17),
the infinite bus voltage can be given as

v

0| COSO+ j v

|dq‘Sin5:Vsd +iquTL - jigd XTL (28)
From Equation (28), square of the magnitude of the infinite bus voltage can be given as:
2 . .
Visa| = (Vg +igq X0 )+ (igy X )’ (29)

Since |vidg| is a constant value, a linearization of Equation (29) gives
Avy = L?XTZLAigd =X Al (30)
Vsgo T ngOXTL
which is expressed in terms of the state variables igs and igq. By using Equation (30), Equation (27) can
be linearized as:
dAi
dt

1= a,A0, + as,sAimq + a@,sAigd + aG,GAigq + A0, +85,A0, (31)
From Equations (11) and (13), a derivative of Vqc can be given as:

av, -3 , . .
dt = 2Cd Vd (delmd +qu|mq +Vsd|gd) (32)
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Equation (32) contains variables vmd and vmgq that are not defined as the state variables so they should
be expressed in terms of the state variables when linearizing. From Equations (9) and (11), Vmd and Vmg
can be linearized as:

AV, =-K Al + KA — L Ao, — Lo, Al
. SKOpta) K K .
AV, =—K Al + ( NE N3 S+ Lyigo + /1pm)Aa)e + K, K A0,
pp" gr (33)
3K K i 3K K P2, X2
+K;A@, — —”3 L ot L, @,,Al y—P2 p3 (Vo ——gdo_ I )Aigd
2 2 Vst + IquXTL

By using Equation (33), Equation (32) can be linearized as:

dAV,,
dt

=3,,A0, + aA,ZAimd + aA,BAimq + a4,4AVdc + a4,5Aigd + a4,6Aigq +8,;A0 +3,,Ap, +a,,Ap, (34)

Derivatives of igs and igq can be obtained from Equation (15). The derivative of igs can be given as:
dig,

dt =1 [{(Vdc 5400)K o, + ¢, Ky =iy P s + o Kig = Ryigy] (35)
f

Subsequently, Equation (35) can be linearized as:

dAiy, i
at =85 , AV, + 85501y +851,A@, +85,A0; (36)
And the derivative of igqg can be given as:
di,, 1 3 . . .
F = L_[{(_Evsdlgq _O)er + (pBKiG - ng}Kp7 +¢; Ki7 - Rf ng] (37)
f

Then a linearization of Equation (37) can be given as

dAi,,
dt

= aG,SAigd + a6,6Aigq + 851,20 + 851,09, (38)

Derivatives of g1 — @3 are given in Equation (11) and by using Equations (11) and (30),
their linearization can be given as

dA :
=iy (39)
dAa . .
dt% = 85,A0, + 85\ + g Al (40)
dAg, . .
e =ay,Aw, + 3, 3Al +8y5Aly + 89 Al +855A0, (41)

Derivatives of ¢4 — ¢7 are given in Equation (15) and by using Equations (15) and (30),
their linearization can be given as:
dAg,
dt

=8y,,AV, (42)
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dAg, .
dt > = 8y; , AV + 8y 5Aly + 8y, ,0A P, (43)
dAg, . .
dt 2 = a12,5A|gd +a12,6A|gq (44)
dAg . .
dt L= B3 5Algy + 83 Algy +843,AP; (45)

A2. Parameters of the PMSG WT System

Rs =

= 1.225 (kg/m3); r =835 (m); Cic =8 (mF); Cp,max = 04412, iopt = 72064, Ngr = 30, Npp = 9;
8.67 (MQ); Lo = 2.86 (MH): Lq = 3.44 (MH): Zom = 7.15 (V-s): L = 1.8 (mH); Rr = 0.65 (M)

xr = 0.2371 (Q); x. = 0.0013 ().
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