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Abstract: The current control of the permanent-magnet synchronous generator (PMSG) using an
interval type-2 (IT2) Takagi-Sugeno (T-S) fuzzy systems is designed and implemented. PMSG is
an energy conversion unit widely used in wind energy generation systems and energy storage
systems. Its performance is determined by the current control approach. IT2 T-S fuzzy systems are
implemented to deal with the nonlinearity of a PMSG system in this paper. First, the IT2 T-S fuzzy
model of a PMSG is obtained. Second, the IT2 T-S fuzzy controller is designed based on the concept
of parallel distributed compensation (PDC). Next, the stability analysis can be conducted through the
Lyapunov theorem. Accordingly, the stability conditions of the closed-loop system are expressed in
Linear Matrix Inequality (LMI) form. The AC power from a PMSG is converted to DC power via a
three-phase six-switch full bridge converter. The six-switch full bridge converter is controlled by the
proposed IT2 T-S fuzzy controller. The analog-to-digital (ADC) conversion, rotor position calculation
and duty ratio determination are digitally accomplished by the microcontroller. Finally, simulation
and experimental results verify the performance of the proposed current control.
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1. Introduction

A permanent-magnet synchronous generator (PMSG) [1] is an essential unit implemented to
convert energy. Its power density and power conversion efficiency is high and its maintenance cost is
low. Consequently, PMSG can be implemented in various utilizations like electric vehicles (EV) and
hybrid electric vehicles (HEV) [2,3], home appliances [4], wind generation systems [5], flywheel energy
storage systems (FESS) [6] and ultrahigh-speed elevators [7]. The embedded type of the permanent
magnet will affect the characteristics of a PMSG. The interior-type [8-10] has high inductance saliency
and generates higher torque. However, its torque ripple is also higher. On the contrary, the torque
ripple of the surface-mounted type [10,11] is lower and its reluctance torque is nearly absent [12].
In motor design concept, magnet design methods [13,14] are presented to optimize the performance
and minimize the torque ripple.

If the d-axis current is controlled at zero, then the electromagnetic torque of a PMSG is proportional
to the g-axis current. This characteristic enhances the importance of current controls [15-20] for the
PMSG. Since the power generating performance of a PMSG is affected by its winding current, the torque
ripple can be eliminated by reducing winding current harmonics [16]. Moreover, the generating
capability of a PMSG can be improved via adopting proper and good current control algorithms.
The traditionally implemented current control schemes include fixed-frequency control [17,18],
hysteresis control [19] and predictive control [20]. The state space equation of a PMSG is nonlinear.
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Therefore, the Takagi-Sugeno fuzzy [21,22] (T-S fuzzy) system is implemented to design a speed
controller for the permanent-magnet synchronous motor (PMSM) and a current controller for the
PMSG. System uncertainty [23] generally exists in nonlinear systems. Therefore, the interval type-2
(IT2) fuzzy logic system [24,25] is proposed to deal with this problem. In this paper, IT2 T-S fuzzy
models are implemented in the design of a current controller for the PMSG.

In this study, system configuration of the PMSG is first introduced. Then the dynamic model
of a PMSG is conducted. Next, IT2 T-S fuzzy models of a PMSG are established for the design of
an IT2 T-S fuzzy current controller. The stability of the IT2 T-S fuzzy control system for PMSG is
analyzed using the Lyapunov theorem. The stability conditions of the proposed current controller are
expressed in Linear Matrix Inequality (LMI) form. Experimental results, including constant current
command tracking, variable current command tracking and computation time of the microcontroller,
are demonstrated to verify the performance of the designed IT2 T-S fuzzy current controller.

2. System Configuration and Dynamic Model

Figure 1 introduces the system configuration of the PMSG based on the IT2 T-S fuzzy control
systems. The prime mover of the PMSG consists of a PMSM with a PMSM driver. The input torque
of PMSG is provided by the prime mover. The encoder signals on the shaft are utilized to calculate
rotor speed and rotor position. Three-phase winding currents are sensed through the analog-to-digital
converter (ADC). Then the abc-frame currents are transformed to dg-frame currents. The current
commands and dq-frame currents are implemented in the IT2 T-S fuzzy current controller to calculate
the dg-frame voltage commands. The corresponding duty ratio of six switches is determined via
space-vector pulse-width modulation (SVPWM). All the control and transformation schemes are
digitally realized using the microcontroller Renesas RX62T (Renesas Electronics Corp., Tokyo, Japan).
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Figure 1. System configuration of the PMSG based on thelT2 T-S fuzzy control systems.

For convenience, voltage equations of the PMSG are expressed in dq-frame [1]:

0g = ~siq = Lig — wrLig + wrdm O

vy = —rsig— Lgig + a)quiq
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where v, and v, are dg-frame voltages, i; and i; are dg-frame currents, 75 is winding resistance, L; and
L, are dg-frame inductances, w; is electrical rotor speed and Ay, is the flux linkage established by the
permanent magnet.

A PMSG can produce electromagnetic torque as follows:

T, — (g)(g)[)\mzq + (Ly ~ La)igia) @)

The electromagnetic torque is related to electrical rotor speed in the mechanical equation:

2\. 2
T, = _](ﬁ)a)r_B(ﬁ)wr‘f'TI (3)
where ] is the inertia of a PMSG, B is the damping coefficient of a PMSG, T7 is the input torque and P is
magnetic pole number.

If iy = 0 is satisfied in Equation (2), then the state equations of a PMSG are obtained:

N 1 . .
ig = L_s(_vﬂ — sig — wyLgig + w,)\m)

ig = (=04 — rig + wrLsiy) )

Wy = 7[(%)(TI - Te) - Bwr] = (—%Amiq - ?(ur + ZLJTI)

—

3. Design of the IT2 T-S Fuzzy Current Controller

Two new state variables are defined to guarantee current tracking capability:

= —1.1dt G1 =71 —1
s1 f[rl igld L, S1=rig

. : . 5
sp= [ [r2—igldt $2 =121y ©)
where rq is the target value of i; and r; is target value of i;.
Extended state equations of the PMSG are obtained by combing Equations (4) and (5):
. [ 3P Ay
Wy _}? ] 0 00 Wy 0 0 Pz—?
: 1 S ; 1
O I s wE v N Y R LA (AR T B
id = L_Zlq 0 _£_; 00 1q + 0 _L_d [ _UZ ]+ 0 (6)
51 0 -1 0o 0o % 0 0 g
51 0 0 -1 0 o[t 0 0 2
= x(t) = Ax(t) + Bu(t) + Ev(t) (7)
where v(t) represent disturbances in PMSG systems.
The required output function is:
Wy
i
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The IT2 T-S fuzzy models and IT2 T-S fuzzy controller are combined to form the IT2 T-S fuzzy
control systems. The characteristics of IT2 T-S fuzzy control systems employ the upper membership
function and lower membership function to represent the model uncertainty of a nonlinear system. In
the nonlinear system matrix of the PMSG, state variables i; and w, are found. Therefore, i; and w, are
selected as Antecedent z; and zp, respectively. The membership function of the IT2 T-S fuzzy is shown
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in Figure 2. z, is the Antecedent variable. ay, by, ¢, and d,, are the boundaries of the upper and lower
membership functions. In the developed PMSG system, the rating of i; is 18A and the rating of w,
is 754 rad/sec. In order to represent the model uncertainty of the PMSG system, 5% variation of the

Antecedent variable is selected. Therefore, the Antecedent variables and boundaries of the PMSG are

summarized in Table 1.

Figure 2. Membership function of the IT2 T-S fuzzy control systems.

Table 1. Antecedent variables and boundaries of the PMSG.

Boundaries
a b c d
W v p v p
Z1 0A 1.8 A 17.1 A 189 A
Z Orad/sec  76rad/sec 716 rad/sec 792 rad/sec

In the design of the IT2 T-S fuzzy current controller, the nonlinear PMSG system is represented

via linear sub-systems according to the model rules of the IT2 T-S fuzzy models:

Model rules i :

If z1(t) is Ml1 and --- and zy(t) is M;,,
then x(t) = Ajx(t) + Bju(t) + Ejv(t),
y=Cx(t),i=12,---,r

)

where 1\71; are IT2 fuzzy sets, x(t) are state variables, u(t) are control inputs, A;, B; are state and input

matrices of the sub-system, E; is a constant matrix and r = 4 is the number of rules.

of the i-th rule is represented as follows:

@ (2(t) = [w,(z(1), Wi(z(1)] i = 1,2, 7
and

P

@i(z(t) = [ [ g (1)
=1
P

w;(z(1) = [ [ e, (2:(8)
=1

The firing strength

(10)

(11)

(12)

(13)
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where w;(z(t)) is the upper grade of membership, w,(z(t)) > 0 is the lower grade of membership,
i (zj(t)) is the upper membership function and B (zj(t)) is the lower membership function. Then,
]‘ —_— .

]
the inferred IT2 T-S fuzzy model can be described as:

é wi(z(t)) (Aix(t) + Biu(t) + Ejo(t)) é w;(2(1)) (Apx(t) + Bu(t) + Eqo(t))

x(t) =m . +n . (14)
2, wi(z(t)) X w;(z(t))
i=1 i=1
Y wiz(H)(Cix(t)) X w;(z(t))(Cix(t))
y() = m=——; +n=— (15)
£ (1) £ wa(t)

where m and n are tuning parameters.
The parallel distributed compensation (PDC) of the IT2 T-5 fuzzy controllers corresponding to the
model rules are:

Control rules i :Ifzq(t) is Méand...and zy(t)is A7I§,,then u(t) =Kx(t),i=12,---,r (16)

where K; is the controller gain. The inferred IT2 T-S fuzzy controller can be expressed as:

Y @) (Kx() Y w,(z() (Kix()
u(t) = m=" - +n= - . (17)
L (1) L w(=()

The close loop IT2 T-S fuzzy control system can be obtained by substituting Equation (17) into
Equation (14).

4. Stability Analysis

Define the Hy, performance index:

t
p M<)/ 0<y<1 (18)

su <vy,
(B0 ()]l
where y represents disturbance suppression ability of the IT2 T-S fuzzy control system.

Lemma [26]: Assume there exists a positive definite matrix X € R and matrix M; € R"™", which
makes the following LMI condition feasible:

Dy *

—(mE; +nE)T 92 0 |>0, (19)
(m+n)CiX 0 I

Pijj + Pji S
~((m+n)(E+E)T 21 0 |20,i<j (20)
((m+n)(Ci+Cj))X 0 21

Diji + ik *
—(2mE; +n(Ej+E))" 221 0 [>0,j<k (1)

(2mCi + Tl(C] + Ck))X 0 21
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where
X =P, M; =KX (22)

Py = —m(AX + XAT) = n(A;X + XAT) + m(BiMy + M{B] ) +n(B;M + M{B}). (23)

Then, the designed current controller in Equation (17) will guarantee the current tracking capability,
which means the current tracking error will converge to zero. The detailed proof procedure can be
referred in [26]. The controller gain can be found through using K; = M; X1,

Lety = 0.86, m = 0.4 and n = 0.5; the following controller gains are obtained from the LMI
conditions listed in Equations (19) to (21):

K [1.47332 -0.28632 -0.7274 -893.16 —0.18312]
1:

00222 -07851 -0315 0.002  -72.6
[ 13759 -0.28656 -0.2424 -796.401 —0.0618
2_[ 0.0208 -02617 -031524 0001  -72.6 ] 1)
[ 15066 -0.28668 —0.7274 —1414.17 —0.18312
3_[ 0.0021 -0.7851 -031536  0.002  -72.6 ]
[ 13759 -02391 -02425 -796.401 -0.0618
4_[ 0.0007 -0.2617 -03156  0.001  —69.3 ]

5. Results and Discussions

The parameters of the PMSG are listed in Table 2. Table 3 shows the specifications of the PMSG
drive. Figure 3 demonstrates the experimental equipment of the PMSG system based on the IT2
T-S fuzzy systems. The adopted PMSG is the model YBL17B-200L manufactured by YELI electric &
machinery Co., LTD, Taiwan. The oscilloscope is KEYSIGHT DSO-X 3014T (Keysight Technologies,
Santa Rosa, CA, USA). The current measurement system includes current probe Tektronix TCP303 and
amplifier Tektronix TCPA300. Constant and variable current commend experimental results are given
as follows.

Table 2. Parameters of the PMSG.

Poles Ts Ly L,
8 0240 1.896 mH 2.131 mH
Rated Speed Rated Torque Rated Current Rated Power
1800 rpm 23 N'm 11.8 Arms 45 kW

Table 3. Specifications of the PMSG Drive.

Rated power 5kW DC-link voltage 380 Vdc
Rated voltage 220 Vrms DC-link capacitance 5600 uF
Rated current 13.1 Arms  Switching frequency 20 kHz
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Figure 3. Experimental equipment for the PMSG system based on the IT2 T-S fuzzy systems.
5.1. Constant Current Command

Let the current command be i; = 15A, i; = 0A. In this case, the three-phase winding current
will be balanced with peak value 15 A. Figure 4a—c show the winding current waveforms measured at
different generator speeds. Table 4 summarizes the error and total harmonic distortion (THD) of the
measured waveforms. It can be found that the current command tracking error is less than 2.5% in all
conditions. The winding current can exactly track the current command. Moreover, the THD is less
than 2%, and this means winding currents are nearly sinusoidal.

W ocov o osmw 3 smw 4 stiims 200z 3o Bl S0y 2 SIW 3 S ¢ Ellmy  200Cs  Stop W s o osow 3 s ¢ Wm0 S

(a) (b) (c)

Figure 4. Winding current waveforms by letting i; = 15 A and #’; = 0 A at different generator speeds: (a)
600 rpm, (b) 900 rpm and (c) 1200 rpm.

Table 4. Error and THD of the measured waveforms.

Generator Speed Measured Current (A) Error (%) THD (%)

600 rpm 14.849 1.01 1.35
900 rpm 15.179 1.19 1.20
1200 rpm 15.368 2.45 1.50

- THD,+TH THD,
Note: error(%) = | measused current-current command | c 100%, THD(%) = (o2 HEe )
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To improve the scientific merit of this paper, the simulation is performed by PSIM Ver. 10.
The same conditions with Figure 4a—c are simulated and shown in Figure 5a—c, respectively. From the
simulation results, it can be found that the three-phase winding currents are balanced with peak value
15 A. Moreover, the THD is less than 2%; this means winding currents are nearly sinusoidal.
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Figure 5. Simulation winding current waveforms by letting i; = 15 A and i, = 0 A at different generator
speeds: (a) 600 rpm, (b) 900 rpm and (c) 1200 rpm.
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5.2. Variable Current Command

First, the current command i; is stepped from 5 A to 10 A (; = 0) at 900 rpm. Figure 6a is the
step occurring at 60° and Figure 6b is the step occurring at 120°. The results using the IT1 T-S fuzzy
system are compared in Figure 6¢,d, respectively. The overshoot and settling time of the IT1 and IT2
T-S fuzzy systems are summarized in Table 5. It can be found that the winding currents can achieve
the step current command faster by using the proposed IT2 T-S fuzzy control. The overshoot of the IT2

T-S fuzzy system is also less than the IT1 T-S fuzzy system, which makes the developed system more
reliable and flexible.

Table 5. Overshoot and settling time of the IT1 and IT2 T-S fuzzy systems.

Step Position Control System  Overshoot Settling Time
Step occurs at 60° IT1 T-S fuzzy 2125 A 1.12ms
IT2 T-S fuzzy 2.03 A 1.03 ms

Note: overshoot = (maximum current — desired current) settling time: the required time when current tracking
error is less than 5%.

Second, the speed is 1200 rpm and the current command is going from zero to a constant value.

Figure 7a,b show the winding current waveforms of the current command that goes from zero to a
constant value. The current tracking capability is verified.
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Figure 6. Winding current waveforms of the current command stepped from 5 A to 10 A at 900 rpm:
(a) step occurs at 60° with IT2 T-S fuzzy, (b) step occurs at 120° with IT2 T-S fuzzy, (c) step occurs at 60°
with IT1 T-S fuzzy and (d) step occurs at 120° with IT1 T-S fuzzy.
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Figure 7. Winding current waveforms of the current command goes from zero to a constant value at
1200 rpm: (a) 10 A; (b) 15 A.
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Finally, the speed is 900 rpm and 1500 rpm, respectively, and the current command is varying as
0A—5A—10 A—15 A—10 A—5 A. Figure 8a,b show the winding current waveforms, respectively.
It is obvious that the winding current can track the variable current command very well. The output
power of the PMSG can be adjusted by changing the current command in this situation.

W s 2 sy 3 osmw ¢ Y a0k S B osw o osow 3 osuw ¢ 1000 40005 Stop

15A

(a) (b)
Figure 8. Winding current waveforms of the current command is varying as 0 A—5 A—10 A—15
A—10 A—5 A: (a) 900 rpm; (b) 1500 rpm.
5.3. Calculation Time

The calculation time of the IT2 T-S fuzzy and the IT1 T-S fuzzy systems is compared in Figure 9a,b.
The calculation time of the IT2 T-S fuzzy is 32.6 us and the calculation time of the IT1 T-S fuzzy is 30 ps.
The IT2 T-S fuzzy system requires 2.6 pus more than the IT1 T-S fuzzy system to process the control

algorithm. The switching period of the developed system is 50 pus. Therefore, the proposed algorithm
is acceptable in implementation.

[ ] 320 4 5000/ 000 Stop [8=8] 320 4 5000/ 000 Stop

S o]

H 32.6us I—l 30us [ER——
l—» >
Sus Sus

(a) (b)

Figure 9. Calculation time of the IT2 T-S fuzzy and the IT1 T-S fuzzy systems: (a) IT2 T-S fuzzy; (b) IT1
T-S fuzzy.

6. Conclusions

The current control of the PMSG was designed and implemented based on the IT2 T-S fuzzy
systems. First, the system configuration and the dynamic model were introduced. Next, the current
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controller was designed based on the IT2 T-S fuzzy models. The IT2 T-S fuzzy control system was
implemented to consider the uncertainty of nonlinear systems. The stability analysis and detailed
design process were also demonstrated. The controller gain could be found by using the LMI conditions.
Furthermore, the experimental equipment of the PMSG was illustrated. Experimental results, including
constant current command, variable current command and calculation time, were demonstrated to
verify the performance of the proposed current control. Simulation results were also performed in
constant current command to improve the scientific merit of this paper. The IT2 T-S fuzzy system is
more complex than the IT1 T-S fuzzy system. However, its calculation time is acceptable. Furthermore,
its overshoot and settling time under the current command variation is better than the IT1 T-S fuzzy
system. The output power of a PMSG can be adjusted by changing the peak value of three-phase
balanced winding currents. In the future, the sensorless control combined with the IT2 T-S fuzzy
systems may be adopted to increase the practicability of the PMSG system.
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