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Neuro-Fuzzy Control of Interior Permanent Magnet Synchronous

Motors: Stability Analysis and Implementation

Dong Quang Dang*, Nga Thi-Thuy Vu*, Han Ho Choi* and Jin-Woo Jung'

Abstract — This paper investigates a robust neuro-fuzzy control (NFC) method which can accurately
follow the speed reference of an interior permanent magnet synchronous motor (IPMSM) in the
existence of nonlinearities and system uncertainties. A neuro-fuzzy control term is proposed to
estimate these nonlinear and uncertain factors, therefore, this difficulty is completely solved. To make
the global stability analysis simple and systematic, the time derivative of the quadratic Lyapunov
function is selected as the cost function to be minimized. Moreover, the design procedure of the online
self-tuning algorithm is comparatively simplified to reduce a computational burden of the NFC. Next,
a rotor angular acceleration is obtained through the disturbance observer. The proposed observer-based
NFC strategy can achieve better control performance (i.e., less steady-state error, less sensitivity) than
the feedback linearization control method even when there exist some uncertainties in the electrical
and mechanical parameters. Finally, the validity of the proposed neuro-fuzzy speed controller is
confirmed through simulation and experimental studies on a prototype IPMSM drive system with a
TMS320F28335 DSP.
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1. Introduction

The permanent magnet synchronous motor (PMSM) has
been extensively used in variable-speed motor drives such
as electric vehicles, home appliances, military or medical
equipment, machine tools, and industrial robots because of
its wide speed range operation and high power density [1-
4]. Depending on the position of the permanent magnet on
the rotor, the PMSM can be mainly classified into two
types: surface-mounted PMSM (SPMSM) and interior
PMSM (IPMSM). It is well-known that the IPMSM is
more difficult to control due to more complex dynamic
model, but has better performance (i.e., a wider speed
range operation capability due to flux weakening control
and a higher torque generation capability due to inherent
saliency) than the SPMSM. Thanks to these attractive
advantages, the IPMSM is gaining more and more attention
in industrial and home appliance application areas.
However, it is complicated to precisely control the [IPMSM
because of the nonlinearities due to nonlinear properties
resulting from the magnets and cross-coupling between the
state variables (i.e., the dg-axis currents and speed) in
dynamic model equations. Also, there always exist system
uncertainties such as motor parameter variations and
unknown external disturbances. Therefore, the robust
control design requirements should be satisfied, which are
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insensitive to the uncertainties mentioned previously.
Consequently, the classical linear control schemes based on
time-invariant system model, e.g., the PI controller [5],
cannot achieve a good tracking performance.

To solve these difficulties, many advanced control
approaches have been presented such as feedback
linearization control [6], adaptive backstepping control [7],
optimal control [8], predictive control [9-10], etc. In [6],
the control performance of the feedback linearization
algorithm is not satisfactory because its property is sensitive
to parameter uncertainties and external disturbances. In [7],
the design procedure of the adaptive backstepping control
methods looks complicated since many parameters are
adapted. In [8-10], the control algorithms of the IPMSMs
are comparatively simple because the d-axis current
reference is set to zero. However, the torque of the
IPMSMs cannot be maximized by making the reluctance
torque be zero. Also, the fuzzy control schemes [11-12]
have been introduced to make up for the nonlinearities of
IPMSM system. It is easy to see that the control scheme
becomes complex and difficult to be designed as the
number of fuzzy rules increases. The sliding mode control
approach [13-14] has its favorable advantage which is
insensitive to parameter uncertainties and external
disturbances. However, the robustness of this control
method can be guaranteed only within the bounds of the
uncertainties, and it still suffers from a chattering problem.
Beside the above control methods, many papers have
concentrated to investigate the effects of both the
mechanical and electrical parameter variations on the servo
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IPMSM drives [15-16]. Some outstanding methods have
been used to estimate the motor parameters, such as an
online method [15] and a terminal sliding-mode observer
method [16]. These papers implied that the control scheme
can significantly improve the system performance, if the
motor parameters are accurately estimated and then
directly used to design the controllers.

Recently, the intelligent control methods such as fuzzy
logic control, neural network control, neuro-fuzzy control
(NFC) have received a lot of attentions since these
controllers do not need an exact mathematical model of the
system and can achieve high performance. Especially, the
NFC is a combination of the advantages of artificial neural
network control and fuzzy logic control. That means the
artificial neural network has learning ability that can
acquire the appropriate information based on the data while
the fuzzy logic control can reasonably characterize the
input/output behaviors of an uncertain system. In [17-18],
the NFC is applied to tune the PI gains for IPMSM drives.
However, its parameter training is optimized offline. In
[19-21], the NFC faces a burdensome computation because
of using a huge number of membership functions and rules.
This is a major constraint for industrial applications.
Furthermore, the NFC algorithms of [22-23] are quite
complex when the reference models of the online self-
tuning algorithm are utilized.

This paper introduces a robust neuro-fuzzy speed control
strategy that can accurately track the speed reference
trajectory of IPMSM in spite of system uncertainties. The
proposed NFC method contains a state feedback control
term and a NFC term. The former stabilizes the system
error dynamics and the latter makes up for nonlinearities
and uncertain factors. Furthermore, the maximum torque
per ampere (MTPA) control is combined with the proposed
controller to maximize the torque generation in the
constant torque region. Unlike the previous online self-
tuning algorithms [17-23] in which the quadratic cost
function to be minimized includes only the speed error, the
proposed control technique chooses the time derivative of
the quadratic Lyapunov function as the cost function to be
minimized. Thus, the global stability analysis can be
simple and systematic. Furthermore, the design procedure
of the online self-tuning algorithm is comparatively
simplified to reduce a computational burden of the NFC. A
rotor angular acceleration is attained through the
disturbance observer. To prove the robustness of the
proposed NFC scheme and the effects of two kinds of
parameter variations, in both simulation and experimental
studies, the results of the proposed NFC and the feedback
linearization control (FLC) methods are presented under
the mechanical parameters variations as well as the
electrical parameters variations using Matlab/Simulink
software and a prototype IPMSM drive system with a
TMS320F28335 DSP, respectively. The results show that
the proposed observer-based NFC scheme can attain better
tracking control performance (i.e., less steady-state error,
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more robustness) than the observer-based FLC method
even when there exist some uncertainties in the electrical
and mechanical parameters.

2. Neuro-fuzzy Speed Controller Design and
Stability Analysis

2.1 Mathematical model of IPMSM

In the synchronously rotating dq reference frame, where
the d-axis is aligned with the rotor flux vector and the ¢-
axis is always 90° ahead of the d-axis, a three-phase
IPMSM can be modeled by the dynamic equations
including system uncertainties [9] as

O = ki, —k,o+k i, —kd, ()

[, ==k, —ko+kV, —k,oi, —kd, ()

Iy, = —kyiy + ki, + kyoi, —kdy (1)

)

where
2
R
k. zilp_km’ k, _E’]% zﬂ’h =5
2J 4 J 2J quy
A, 1 R 1
ks :L > K _L_7k7 =—,k :L_’
qs qs ds ds
L, L, 31 p2
k9 = Lq > klO :L_d9k11 E?T(Lds _qu)a

o is the electrical rotor speed; iy and i are the d-axis
and g-axis currents; V, and V,, are the d-axis and g-axis
voltages; T} is the load torque; p is the number of poles; Ry,
Lgs, Lys, J, B, and 4, are the nominal values of the stator
resistance, d-axis inductance, g¢-axis inductance, rotor
inertia, viscous friction coefficient, and magnetic flux,
respectively; the disturbances d,(f) defined in [9] represent
motor parameter uncertainties and unknown external load
torque.

In this work, the speed controller design will be based on
the assumptions and definitions described below:

Assumption 1: o, iy, and i,, are measurable.
Assumption 2: The desired speed w; and the
disturbances d,(¢) vary slowly for a sampling period [9-10].

Definition 1: The electrical angular acceleration is
represented as

B=o=~ki, —ko+k,i,i, —kd () )

Definition 2: To produce the maximum torque per

ampere (MTPA) of the stator current, the d-axis reference
current is calculated [12-13] by
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(Lds - qu )l;s
A

m

lysg =

)

Definition 3: The speed error, the d-axis current error,
and the error vector are introduced as w, = @ — Wy, iy, = iy
—igsandx=[w, S iz]", respectively.

From the above assumptions and definitions,
dynamic Eq. (1) can be converted to the following form:

the

X=Ax+Bu-f) 4
where
T kkg 0 V.
f:[fq fd} . :{ 0 k8:||:Vds ’
00 0O 1 0
B=[B B,]=10|,A=|-kks—k, 0 |,
01 0 0 -k
fq = kkso, + k kol _kll(l:dsiqs +idsl:qs)
+hk,i, +kkod, (1),

Ja =kl _k90‘)iqs + idsd +kyd, (1)

Note that the above state-space model (4) is considered
to construct the proposed control law and requires the rotor
angular acceleration information A which is usually
immeasurable. Moreover, the functions f; and f; include the
nonlinear terms and the uncertainty terms. Assume that
there exists a constant parameter matrix % >! such that

f=HW )
where H?is a known function matrix, and 7 is a positive

integer that denotes the number of fuzzy rules in the
following subsection.

2.2 Neuro-fuzzy speed controller design

Let the control law u be decomposed as the state
feedback control term u, and the adaptive compensating
control term u,,

U=uytu, (6)

First, the state feedback term design is based on a linear
matrix inequality (LMI) condition. Assume that there is an
existing pair of matrix solution (X, Y) that satisfies the
following inequality

X>0,AX-BY+XA" -Y"'B" <0 (7)
where XeR**® and Y eR**® are decision variables.

The gain matrix K of the state feedback term uy is
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Fig. 1. Five-layer NFC with weight normalization

obtained by

K=Yx", u, =—Kx ®)

Then the NFC is applied to construct the adaptive
compensating term that deals with £, and f;. Fig. 1 shows
the structure of the NFC with weight normalization which
consists of five basic layers. The first layer which is an
input layer distributing the input variables to each of the
nodes in the second layer is indicated. For the aim of
reducing a computational burden, only three input signals z;
(7 =1, 2, 3) are considered: z; = @, z, = iy, and z; = iy,
Layer 2 is a fuzzification layer and every node in this layer
acts as the membership function. In this work, for easy
implementation, the following Gaussian membership
functions can be selected as

2
(z,—¢;)

(Gj[)2

m, = exp[— ,i=12,..,r

(€))

where r is the number of fuzzy rules, ¢; and o; denote the

center and the width of the membership function m,
respectively. Next, layer 3 is a rule layer and the output of

every node in this rule layer is defined as

& :Hj‘:lm

Layer 4 is a normalizing layer with » nodes and every
node in this layer can be regarded as the normalized weight
of each rule.

(10)

Ji

8
f:lgf

h,:

i

(11)

Layer 5 is an output layer containing two nodes and each
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output u, (k =1, 2) of the kth node is denoted as
e =D Iy (12)

where w;, are the adjustable parameter vectors. Finally, the
adaptive compensating term is denoted as

T
unfz[unflunf2:| =HW
{hl hy..h 0 0...0}

00..0nhh,.h
W= [w11 Wy oo W W, Wy, ...w,,z]

(13)

T

Then, the online self-tuning algorithm is utilized to
update all parameters in real-time, and the object function
to be minimized is defined as

E=x"Px (14)
where P=X". Based on the back-propagation learning rule
that is computed recursively from the output layer
backward to the input layer, the weights in the output layer
are updated by

Wy =M, 687]1 =-n, ;—b; ;:; ZMT"”: =-m, B/ Px,
n, >0, = = Px, ;:; =B, Z{VT =h, (15)
Then, the adaptive law can be expressed by
W=-E, H,
AP

where EW:Diag(”Ha No1seves Nris Ni2s H225- 005 ”rZ)'

2.3 Stability analysis

Theorem 1: The following controller (17) enforces the
error dynamics x to converge to zero.

u=—Kx+HW (17)

Proof: Assume that (7) is feasible, and then there exists
a matrix Q > 0 such that

X '[(A-BK)X +X(A-BK)'1X'<-0<0  (18)
Let the Lyapunov function be chosen as
V=x"Px+W EW, (19)
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where W,= W — W*. The time derivative of (19) along the
error dynamics (4) is given by

V=2x"Pi+2W EW,
=2x" P[Ax+B(u— )]+ 2W EW 2w E'W"
=2x" P[Ax+ B(~Kx + HW —HW ")+ 2W E]'W
=2x" P[Ax+B(-Kx+HW,)]-2W/E,' E H"$
=2x"P(A— BK)x+2x" PBHW, —2W H" ¢
=2x"P(A— BK)x+20"HW, —2¢"HW,

20

<—x"0Ox<0 (20)

Integrating both sides of (20) yields the following
equation

j: x(t)" Ox(t)dt = —I: V(t)dt=V(0)—V () <o (21)

This implies xelL,NL, and WelL,. Using the above
results and Barbalat’s lemma, x asymptotically converges
to zero as time approaches infinity.

Remark 1: Note that the LMI parameterization of the K
(8) can be combined with various useful convex perfor-
mance criteria (i.e., a-stability, quadratic performance,
generalized H,/H,, performance, etc). For instance, if the K
is given by (8) satisfying for some a > 0, then

X>0,AX -BY +XA" —-Y"B" +20X <0 (22)

It implies that x converges to zero with a minimum
decay rate a.

Remark 2: Note that the NFC algorithm consists of
layers, nodes in each layer, and online self-tuning
algorithm. In general, the control performance can get
better as the number of layers and nodes increases.
However, this leads to a more complicated control system
structure. Additionally, the updated laws for the parameters
of all layers bring about a burdensome computation
because of a large series of training data. Therefore, the
structure and online self-tuning algorithm of the NFC
should be designed simply and reasonably. For the
proposed speed controller, the updated laws can be applied
only to extract the parameters of the output layer. Besides,
the parameters of the inner layer such as the standard
deviation parameters of the membership functions can be
selected as fixed parameters according to the control
engineering knowledge. This solution still guarantees the
stability criteria of the control system (20).

Remark 3: This remark discusses how the controller
gains are chosen. The proposed control law in (17) consists
of the control term ug, and the control term u,. The weights
wy are integrated into the control term u,,in (12). To attain
the fast convergence and transient response, the weights w;;
are tuned to large values. As indicated in (15), these
weights wy, are proportional to the parameters 7;, so the
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large values of #,,lead to those of w;. Meanwhile, the gain
matrix K of the control term uy, is achieved by solving the
LMIs (7) or (22). Finally, the design parameters K and 7,
can be systematically tuned as follows:

Step 1: Solving the LMIs (7) or (22) yields the gain
matrix K;

Step 2: Set #;, to quite small values and then increase #;;
by a small amount;

Step 3: If the transient and steady-state performances are
satisfactory, then this process is completed. Otherwise,
return to Step 2 above.

3. Disturbance observer design

The proposed control law in (17) requires the rotor
angular acceleration information A which is usually
unavailable. Based on Definition 2, the rotor angular
acceleration information f can be directly obtained from
the time derivative of the speed. However, this calculation
method can be affected by its high-frequency noises. To
avoid directly calculating the time derivative of the speed,
the rotor angular acceleration S needs the knowledge of the
disturbance d,(f). Thus, a simple disturbance observer is
designed in this paper.

From the (1) and assumption 2, the disturbance observer
can be established as

X, =A% +L(y,~C,%)+Bu,
- Y (23)
d] (t) = Cd xo
where LeR* is an observer gain matrix, and
. o ® —k, —k, 1
xu: o ’xo: ’Au: ’Bo: >
d, (1) d, (1) 0 0 0
u, = ki, +kyi. v, =Cx, C, =[10],C, =[01]
From (23) the error dynamics is expressed by
%, =[4,-LC,]5, (24)

whereX, =x, — X, .
Theorem 2: Assume that the following LMI condition is
feasible

P A

Po >0’ [ _Yu Co +A{Z‘Po _CUTYUT <0 (25)

where P,eR?* and Y,eR* are decision variables. Also,
assume that the observer gain matrix L is calculated by

L=P'Y

4 4

(26)
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Then, X, exponentially goes to zero.
Proof: Assume that (25) is feasible, and then there exists
a matrix Q, > 0 such that

R)AU _)]O CU + AZPU _C()T)]OT S_ Q() < O (27)
Let the Lyapunov function be defined as
V,=X, X, (28)

The time derivative of (28) along the error dynamics
(24) is represented by

V,=2%] (P4, - P,LC,)x,
—r - = (29)
=2x, (F,4,-Y,C)x, <-x,0,x, <0

It indicates that X, is asymptotically stable.
Remark 4: Note that the LMI parameterization of the L

(26) can be combined with various convex performance

criteria (i.e., a-stability, quadratic performance, generalized

H,/H,, performance, etc). For example, if the L is computed

by (26) satisfying with some o > 0, then

P>0,PA -7,

>% 0% o

C,+A'P-C'Y"+20P, <0

0 (30)
It means that X, converges to zero with a minimum
decay rate o.
Using the NFC and the disturbance observer above, a
disturbance observer-based control law can be designed,
thus the control inputs (V,, and V) can be expressed as

o || e O 71( +u,) @1

= u u.),

V., 0 k fo o
u, =—Kx, 32)
u, =HW, (33)
W= —-E H"B"Px, (34)
A T

)e:|:0)e Bidse] > (35)
ﬁ = kliqs _k2w+kllidsiqs _k3('§l(t) (36)

Remark 5: The design procedure of the proposed
observer-based NFC method can be generalized as follows:

Step 1: Solve the LMIs (25) or (30). Then obtain the
observer gain (26) and construct the observer (23).

Step 2: Solve the LMIs (7) or (22). Then obtain the
controller gain matrix K using the formula (8).

Step 3: Choose the membership functions of the speed,
g-axis current, and d-axis current. Then, construct the
matrix H using (10) and (11).

Step 4: Using Remark 3, choose the parameters 7,
calculate the updated law (34), and construct the observer-
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based neuro-fuzzy control term (33).
Step 5: Construct the observer-based control inputs (31)
based on (32) and (33).

4. Performance Investigation by Simulation and
Experimental Results

To demonstrate the effectiveness of the proposed
observer-based NFC algorithm, simulation and experiment
studies are realized on a prototype IPMSM with the
followmg specifications: rated power P, .., = 390 W; p = 4;

R,=248Q; L,=114 mH; L, =75mH; 4,=0.193
V.sec/rad; J = 0.00015 kg.m*; B =0.0001 N.m.sec/rad.

Let us design a disturbance observer that guarantees the
minimum decay rate a=300. By solving the LMI
condition (30) and (26), the gain matrix L is calculated as

%]

Next, let us design a speed controller that guarantees the
minimum decay rate o = 70. By solving the LMI condition
(22) and (8), the gain matrix X is achieved as

S ket

As described in Remark 2, considering a trade-off
between a simple implementation and a satisfactory
performance, the fuzzy rules are selected as r =3 x 2 x 2 =
12. That is, the membership functions for three input

1200.3
-27.1

1.95070.0279 0.0
0.0 0.0 0.0074

variables (z;= , z,= iy, and z; = i,,) are adopted as
_ _ _ _—(©-300)*/300°
my =m,=m;=m,=e >
_ _ _ _ —0?/300?
mys =my =my; =g = >
_ _ _ _ —(0+300)*/300°
My =My =My =my, =€ >
— _ _ _ _ 22’
My = My = Mys =My =My =Myy =€ >
_ _ _ _ _ i 2y 2’
Myy =My = My; =My =Ny =My = )
_ — — _ _ — (=D’
My = Myy = Mys = My; = M3g =My =€ >
— — — — — _ g+’
Myy = M3y = Myg = Myg = My = My, =€

Then, this leads to the control term u,, with
0

[hhyehy 00
- hl2 ’

00..0Fh"..
W =—E,H' B"P%,E, =n,1,1n, >0

Fig. 2 shows the overall schematic diagram of a
laboratory prototype IPMSM drive system which contains
an IPMSM, a three-phase PWM inverter, an encoder, a
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AC220V/60Hz
DSP-Board with TMS320F28335 Diode
"____________V_____V _______ ‘I_ Rectifier
I s | di o ioi
1| Proposed Neuro-Fuzzy V_q' 1q I?(l)g".atlh "_':: *—"—* Ve
Il Speed Controller [~ ap Vs gl B¢
1 SVPWM \ ) . ]
! N =2 Driver |—| 3-phase
: Ip’ 0 1 | E= Boara [ VsI
1| E
: 1 [ RS .
If Rotor Angular ADp M3 i,
: Acceleration Converter [ g———4¢
1 I ~ 1 s Iy o)
dy(t 1=
: L) [ Encoder
| Disturbance || :
1
Observer Encoder
: Interface Jl_
\ —! U

Load
Motor

Fig. 2. Overall schematic diagram of a prototype [IPMSM
drive system.

control board with a TMS320F28335 DSP and load motor.
The rotor position angle is measured through an encoder
RIA-40-2500Z0O, and the two stator currents (i, i) are
detected via hall-effect current sensors. The three-phase
stator current signals (i,, i, i.) are transformed to two-
phase signals (i, iy) in the dg reference frame. Meanwhile,
the rotor angular acceleration information [3 is calculated
via the disturbance observer, and then is provided for the
proposed neuro-fuzzy speed controller. Considering the
system efficiency, control performance and current ripples,
the sampling and switching frequencies are chosen as 5
[kHz], and a space vector PWM (SVPWM) technique is
employed. Furthermore, a servo IPMSM drive is used as a
load motor to apply the load torque.

For a fair comparison, the observer-based FLC scheme
in [2], which consists of the control structure similar to the
proposed observer-based NFC algorithm, is adopted in this
paper. The control inputs (¥, and V) are represented by

{ } {kk +kk“zd§kkul¢,v} [+ ]
_/bl VA

0 ky
AT
Up = —Kx;, x, = |:(De Bl ld.xv:| >

v

s

y

ds

A

B = _k 0‘)+k1lqs +klllds qs _kaL,’ (37)
ku k12 0
K = sk, >0,k,>0,k,; >0,
0 0 ky,
k2B1 _(kl +k11idS )(_k (D_k4i ; _kIO(Didx)
uff = ll qs(k O‘)l k7ids)

—kg(i)lqs +kji,

where uy, is the state feedback term, uy is the feed forward
term, and T is an estimate of 7;. The information of T

is attained by constructing the load torque observer in [6].
For a fair comparison like [11], the gains of the proposed
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NFC and the FLC methods are tuned to reach the similar
speed response such as overshoot, settling time and error in
steady-state under the nominal motor parameters. The
proposed NFC scheme consists of the control terms u, and
u,;, while the FLC method consists of the control terms uy,
and u. It notes that the performance of the proposed NFC
scheme depends on the gain matrix K of the u; and the
parameters 7,, of the u,, whereas that of the FLC scheme
mainly depends on the gain matrix K; of the upg,.
Additionally, the K and #,, can be easily tuned as in Remark
3. Meanwhile, the K; can be easily designed by using the
pole placement technique. Consequently, the #, of the

Table 1. Case studies for simulations and experiments

Case wy (rad/s) T, (N-m) Uncertainties
1 209.4 > -209.4 0.75 Nominal motor parameters
AR, = +0.5R,, AL,= —0.3L
2 . 2209, ] 5 s» ALgs gs
209.4 —» -209.4 0.75 ALy = +0.1 Ly, Ay = —0.20,
3 209.4 — -209.4 0.75 AJ] =+2.0J, AB = +1.0B
4 104.7 05->1.5 AJ=42.0J, AB =+1.0B
300 - 30
Solid: @
Dotted: &
150 a4 15 \
w K4
2 o T 0
E &
150 15
S8 o2 o5 o068 07 3P 02 o5 o6 o7
5 2.5
Solid: i‘15
2.5 1.25 Dotted: lysg
S V % o0 ~—
2.5 -1.25[ |
83 02 o5 08 o7 283 04 05 06 07
Time (sec) Time (sec)
(a) Proposed observer-based NFC method
300 - 30
Solid: o
Dotted: o
150 9 15 \
@ 2
T o T o
K] &
150 -15
20 02 05 o6 o7 Mz 0z o5 06 o7
5 2.5
Solid: ids
2.5 1.25 Dotted: insn
% 0 V g 0 -
P _— ¥
2.5 1.25
83 04 05 06 o7 283 04 05 06 07
Time (sec) Time (sec)

(b) Observer-based FLC method

Fig. 3. Simulation results of the proposed observer-based
NFC method and the observer-based FLC method
under Case 1.
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proposed NFC strategy is adopted as 10,000, whereas the
K, of the FLC method is elected as k;; = 62,500, k;, =500,
and k,;=3,000.

In this work, four case studies summarized in Table 1 are
simulated using MATLAB/SIMULINK and tested to verify
the feasibility of the proposed observer-based NFC scheme
and the observer-based FLC scheme. Cases I to 3 show the
speed dynamic behaviors after a sudden change in the
desired speed (w,), i.e., when the w, abruptly decreases
from 209.4 [rad/s] to —209.4 [rad/s], but the T, keeps 0.75
[N-m]. Next, Case 4 shows the torque dynamic behaviors
after a sudden change in the load torque (7}), i.e., when the
T, suddenly changes from 0.5 [N-m] to 1.5 [N-m], but the
w,4 holds 104.7 [rad/s]. As presented in [24-25], the stator
resistance (R,) of the IPMSM varies as a function of the
temperature, while the 4,,, L, and L, vary as a function of
the operating current. The R, increases as the temperature
rises [24], and the 4,, and L, decrease as the i,, increases
[25]. However, the L, slightly increases as the i, is
negative [25]. Furthermore, the J and B may strongly

300 30
Solid: @
Dotted: o
150 a4 15 \
Q o
T o E o
‘g sw
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Fig. 4. Simulation results of the proposed observer-based
NFC method and the observer-based FLC method
under Case 2.
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increase as the external mechanical load is applied to the
IPMSM drive. Thus, to demonstrate the robustness of the
proposed observer-based NFC scheme, two kinds of
parameter variations are given: Case 2 is carried out under
the electrical parameters variations (AR, = +0.5R,, AL, =
-0.3L,, ALy = +0.1L,, Ak, = -0.24,,) based on [24-25],
whereas Cases 3 and 4 are executed under the mechanical
parameters variations (AJ = +2.0J, AB = +1.0B). It is well-
known that the motor parameters can be easily adjusted in
the simulation studies, but it is not an easy task to directly
modify the motor parameters in the experiments. Generally,
it can be an alternative solution to indirectly change the
motor parameters in a real [PMSM drive by simply
changing the motor parameters in the control scheme [9-
10]. Thus, to conduct an experiment on the proposed
observer-based control scheme under the variations of the
motor parameters (R, Ly, Ly, Ay, J, B), the motor
parameters in the controller are indirectly changed rather
than those in the real IPMSM drive.
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Fig. 5. Simulation results of the proposed observer-based
NFC method and the observer-based FLC method
under Case 3.
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Figs. 3(a)-5(a) show the speed step responses of the
proposed NFC method under Cases [-3, respectively,
while Figs. 3(b)-5(b) show the speed step responses of the
FLC method under Cases 1-3, respectively. Figs. 6(a) and
6(b) show the torque transient responses of both control
methods under Case 4, respectively. In Figs. 3(a) and 3(b),
the overshoot, the settling time and the steady-state error of
the proposed NFC method and the FLC method are
obtained under nominal motor parameters as (0.0%, 66 ms,
0.0%) and (0.0%, 65 ms, 0.03%), respectively. These
results imply that the comparative evaluation was
satisfactorily conducted and the FLC scheme can precisely
track the speed reference trajectory of the IPMSM in case
of the nominal motor parameters. In Figs. 4(a) and 4(b), it
is observed that the speed errors in steady-state of both
methods are almost zero and 4.67%, and the settling times
are 57 [ms] and 69 [ms], respectively. Figs. 5(a) and 5(b)
show that the undershoots of both control methods are
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Fig. 6. Simulation results of the proposed observer-based
NFC method and the observer-based FLC method
under Case 4.
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Fig. 10. Experimental results of the observer-based FLC
method under Case 4.

observed as 1.45% and 6.66%, and the settling times are 66
[ms] and 82 [ms], respectively. Figs. 6(a) and 6(b) show
that the speed errors in steady-state are negligible, but the
motor speed of Fig. 6(a) keeps much more stable than that
of Fig. 6(b) during an abrupt load change.

In this work, Cases 3 and 4, which show the speed and
torque transient responses under the mechanical parameters
variations (A4J = +2.0J, AB = +1.0B), are chosen to
experiment because of limited space. Figs. 7 and 8 show
the experimental results of the proposed NFC method
under Cases 3 and 4, respectively. Meanwhile, Figs. 9 and
10 show the test results of the FLC method under Cases 3
and 4, respectively. Table 2 summarizes the control
performance of two control strategies during the transient
and steady-state based on the simulation and experimental
results.

From Figs. 3-10, it can be seen that the variations of the
mechanical parameters (J, B) mainly affect the transient
response. In fact, the variations of the electrical parameters
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Table 2. Performance summaries of two control strategies

during transient and steady-state based on
simulation and experimental results
Case Simulation Experiment
Proposed NFC | FLC | Proposed NFC | FLC
1 0.0 0.0 0.0 0.0
Overshoot/ [ 0.0 0.0 0.0 0.0
Undershoot
(%) 3 1.45 6.66 2.05 7.85
4 6.30 19.69 8.68 22.08
1 66 65 68 67
Settling 2 57 69 60 74
Time (ms) | 3 66 82 68 86
4 22 42 25 47
1 0.0 0.03 0.12 0.23
Steady-State | 2 0.0 4.67 0.18 6.07
Error (%) | 3 0.0 0.03 0.13 0.25
4 0.03 0.30 0.24 0.95
(Ry, Ly, Ly, Ay) slightly affect the steady-state response.

Also, it is obvious that the proposed observer-based NFC
scheme can obtain a better control performance (i.e., less
steady-state error and more robustness) than the observer-
based FLC scheme in case that some uncertainties in
electrical and mechanical parameters exist.

5. Conclusion

In this work, a disturbance observer-based NFC
methodology of a servo IPMSM drive system has been
proposed. The proposed observer-based speed controller is
insensitive to uncertain factors such as motor parameter
variations and load torque disturbances. Additionally, the
maximum torque per ampere (MTPA) control was
incorporated to improve the torque generator in the
constant torque region. In this study, the global stability
analysis is comparatively simple and systematic since the
time derivative of the quadratic Lyapunov function is
elected as the cost function to be minimized. Moreover, the
design procedure of the online self-tuning algorithm is
simplified to reduce a computational burden of the NFC.
Simulation and experimental results surely show that the
proposed observer-based NFC scheme has a better speed
tracking performance such as less steady-state error, more
robustness than the observer-based FLC method in the
existence of the uncertainties in electrical parameters and
mechanical parameters.
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