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ABSTRACT This paper proposes a generalized high-order observer for estimating total disturbance of
permanent magnet synchronous motors (PMSMs). This total disturbance is dominated by load torque but
also includes many other terms such as frictions, viscous force, Eddy and flux pulling forces, and noises.
Comprehensive experimental results and analyses under various scenarios will be presented to find the
appropriate order of the observer. We will compare the performance of zero-order observer (ZDO), first-
order observer (FDO), and second-order observer (SDO) under three different scenarios of load torque.
Additionally, the results of an state observer (ESO) under the same conditions are also presented. The
experimental results show that FDO and SDO achieve similar performance and both of them are notably
better than the ZDO and ESO. However, during the severe conditions of load torque, the SDO-based
controller can achieve better performance compared to that of FDO-based controller. Moreover, fuzzy
algorithm is applied to online tune the PI gains in the speed loop. The results also show that the SDO-
based fuzzy-PI control scheme is effective in disturbance rejection and high-performance speed tracking.
All of the experiments are carried out on a 300-W PMSM testbed with a digital signal processor (DSP).

INDEX TERMS Disturbance observer, frictions, fuzzy logic control (FLC), high-order observer, permanent

magnet synchronous motor (PMSM), proportional-integral (PI) control, speed control.

I. INTRODUCTION

The wide usage of materials with high magnetic properties
such as samarium-cobalt (SmCo), ferrite, neodymium-iron-
boron (NdFeB), and alnico (alloy of aluminum, nickel cobalt,
and other elements) makes possible to extensively use per-
manent magnet synchronous motors (PMSMs) in industrial
applications. Due to its compact size and ability to generate
high power and effective operation at rated speed, the PMSM
is successfully utilized in electric vehicles, robotics, disk
drive systems, and other applications which require precise
control performance [1], [2]. In PMSM drives, there are
many type of disturbances such as an unexpected external
load torque, unknown frictions, parameter uncertainties, and
sensor noises [3]. Adding these altogether makes a total
disturbance which is not easy to deal with as it includes many
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terms with both fast and slow varying characteristics. In this
sense, disturbance observer based control schemes, in which
the disturbance is estimated and compensated in the control
loop, seem to be a good choice.

In a numerous of publications, the mechanical fric-
tions were assumed to be known whereas the other terms
of disturbance such as frictions due to Eddy and flux
pulling torques, noises, and unmodelling errors are neglected.
Under this frame, a number of load torque observers were
designed: fuzzy observer [4], active disturbance rejection
control (ADRC) scheme [5], [6], Hxo-based observer [7],
polynomial observer [8], nonlinear observer [9], extended
state observer (ESO) [10], [11], sliding mode observer
(SMO) [12]-[16], extended Kalman filter (EKF) [17], non-
linear optimal observer [18], [19], time-varying nonlinear
observer [20], linear disturbance observer [21]. Although the
results showed the good performance, this kind of assumption
is not realistic and not feasible in most of applications, since
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the frictions are typically unknown and noises are unpre-
ventable. An observer was proposed in [22] to estimate the
load torque and its cogging terms; unfortunately, the friction
was still simply assumed to be known.

Another important issue that the published techniques
faced is the assumption that the disturbance or its
high time-derivatives is slowly varying. The methods
in [4]-[7], [9]-[21], [23]-[25] assumed that the load torque
was slowly-varying, i.e., its first time-derivative was zero.
It is correct for the case of constant or piece-wise constant
load torque; however, it is not reasonable when the load
torque is continuously varying such as pulse, triangle, and
sinusoidal shapes. In [8], [26], the high-order time-derivatives
of the load torque/disturbance is considered as zero. Although
this improve compared to the previous assumption, the per-
formance of the observer might not be good at the tran-
sient time of pulse and the whole time of time-varying load
torque such as triangular or sinusoidal shapes. A fast-terminal
integral sliding-mode disturbance observer (FI-SMDO) is
proposed to estimate the lumped disturbance in [27] with
the assumption that the first time-derivative of disturbance is
bounded. Unfortunately, this assumption is not applicable for
estimating the terms of disturbance with the order larger than
two. Also, it seemed that this order of observer was randomly
chosen, there were no analyses or any estimation performance
was shown to justify this selection.

Considering these facts, this paper proposes a generalized
high-order observer for estimating the total disturbance in
PMSMs. The proposed observer can solve two issues of the
existing estimation techniques i.e., 1) estimate only the load
torque while consider other parts such as frictions and noise
are known or negligible; and 2) consider the disturbance
is slowly varying at once. Based on the assumption that
there is a bounded high-order time-derivative of the total
disturbance, the two aforementioned issues are solved. Under
a straight-forward gain tuning rule using optimal control
theory, the observer gains are selected. The order of the
observer is selected by step-by-step increase the order of the
main assumption under different scenarios until the estima-
tion and tracking performance are not significantly improved
between two consecutive orders of the observer. The esti-
mation value will be input to the controller, which, in this
case, is proportional-integral (PI) type. For further improving
the control performance, especially during the transient time,
fuzzy rules will be used to online adjust the PI gains. Fuzzy
logic control become popular as a one of the nonlinear, adap-
tive methods to systems with unknown mathematical models.
Fuzzy rules have been utilized in [28] to adjust parameters
of PI controller in the speed loop of the interior PMSM
(IPMSM). Fuzzy rules help controller to be automatically
adapted in a random environment with satisfactory dynamic
and performance [29]. More recent application of fuzzy logic
control can be found in [29], [30]. In this paper, compre-
hensive experimental results will be shown with different
orders of the observer, as well as with conventional ESO.
The comparison is also made between fixed-gain PI controller
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and fuzzy-PI controller. The results show that, although the
first-order and the second-order observers possess similar
estimation performance, the most appropriate control scheme
is the second-order observer (i.e., assume that the second
time-derivative of the total disturbance is bounded)-based
fuzzy-PI controller, especially during the serious condition
of the load torque. All the experiments are carried out on a
300-W PMSM testbed with a digital signal processor (DSP).

Il. MATHEMATICAL MODEL

Considering a surface-mounted PMSM (SPMSM), the
variation of rotor mechanical speed is decided by the differ-
ence between the generated mechanical torque and the load
torque

gdm _ o _r (1
dt_m L

where J - a moment of inertia of the rotor, w,, - mechanical
speed of the rotor, 7}, - mechanical torque of the motor, and
Tt - load torque. Whereas, in general, the mechanical torque
can be calculated by

Ty =Te— Tfric — Tyise — Td(bm;

7}"}’1’6 = (Chys + Cfric)Sign(Wm);

Tyise = (Ced + dvisc)Wms
dom

=m ¢
d m.,
Tig, = deqd—"——— 7
1/qu)
here T, = K;i; - electromagnetic torque, K; - a torque

constant of the SPMSM, T - friction torque, Ty - viscous
and Eddy current pulling force, T4y, - pulling force due
to the flux, with ¢,y - an Eddy current coefficient, cpic - a
static friction constant, cpys - a hysteresis loss coefficient,
dyisc - a viscous damping constant, wy, - a mechanical speed
of the rotor, ¢, - a magnetic flux linkage in a dg-frame,
deq - a Eddy current damping coefficient.
So (1) can be rewritten as

dwm
dt

In (2), Ty, is typically considered as an external disturbance.
Moreover, although Tfc, Tyise, and Tyg,, can be calculated as
in (1), their coefficients are unknown, in general. Therefore,
let us define the total disturbance as

J =T, - Tfric — Tyise — Td¢m T 2)

= Tfric + Tyise + qubm +TL 3)
then (2) can be shorten to
dw,

Jgfzn—z 4)

Remark 1: Commonly, in recent papers [4]-[21],
[31]-[35], it is assumed that term Tgic is known whereas
Tvise and Tqg, are ignored when designing observers. So,
essentially, the designed observers estimate only Ty. How-
ever, in practice, the aforementioned disturbance terms are
inevitable [36] and it is hard to know their behaviors or
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parameters. Therefore, it is more practical to assume that all
the terms Tgic, Tyise» Tag,,, and Ty are unknown and need to
be estimated.

In practice, there might exist parameter uncertainties and
noises (such as sensor noises), then they all can be com-
bined in to the total disturbance z. For example, let us
consider

J=J,+68] (5)

where J,, is the nominal inertia and 8J is the unknown vari-
ations of the inertia. Also, consider an additional noise d on
the left side of (2), then (4) becomes

dwy,

Jn? =T,—z (6)

with a new z is defined as

dw,
2= Tpic + Tise + Tag, + TL +8/—= +d. ()

So the following assumption is used for the rest part of this
paper to design the control systems:

Assumption 1: 1) Wy, iy, and iq are measurable; 2) T,
Tvise» Tagyy To, 8J, and d, hence z, are unknown.

Ill. GENERALIZED HIGH-ORDER TOTAL DISTURBANCE
OBSERVER DESIGN

In this section, a generalized high-order observer will be
designed to estimate the total disturbance. By defining
X =wp,u =T, and k = 1/J,; (6) becomes,

X =Ax+Bu+ Dz

y=Cx ®)

withA=0,B=k,C =1,and D = —k.

Assumption 2: Let the total disturbance to be continu-
ous and its high-order time derivatives are upper bounded,
ie. |2V < €, where 2"tV is the (n + 1)"-derivative
of the total disturbance, € represents an arbitrary positive
number:

Note that recent published methods require the assump-
tion that the disturbance is slowly varying [4]-[7], [9]-[21]
or the highest order time derivative [8], [26] is zero.
In Assumption 2, we only need the highest order derivative
of the disturbance is bounded, which is much more practi-
cal. Apparently, the Assumption 2 can be expressed by the
following equations

§ = Ts 4+ NZ"+D

z=Ms ©)

where T, N, and M stand for system matrices, s is a vector
0 I,
0 Oixn |

[ L Ouxi1 ], s =

of derivatives of the disturbance z with T =

N = [Opa 1], M

M ... ;.
[ z2 zZ™ ]
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in which 7, is identity matrices of the given dimension and
) —
vV =z
By combining (8) and (9), the system of the following form
can be constructed

(10)

in which x = [s x]T,A = [T Onx1 ]E’ =

[O’gl ],6:[ Opet € ],N:[ N ]

Then the proposed generalized observer, which estimates
the total disturbance and its high-order derivatives can be
designed as

dx s - s
;;:AE+BM+L@—C® (11)
where L = WOCTR;‘ is the optimal gain for the observer,
with W, is the solution of the following algebraic Riccati
equation

AW, + W,AT — W,CTR;1CW, + 0, =0 (12)

in which weighting matrices Q,, and R, are an (n+2) x (n + 2)
positive semidefinite matrix and a positive scalar number,
respectively.

The gain tuning procedures of the proposed observer are
provided in [37]. In short, the weighting matrices are selected
to be diagonal with their elements depending on the measure-
ment noises. If the measurement noises are high, elements of
Q, are small and those of R, are big. When the measurement
noises are low, it is vice versa. One important point is, in many
previous high-order observer designs, e.g., [8] and [38], there
is no clear gain tuning rule, so basically, the gains are selected
by trial-and-error, which restrict their applications in practice.

Theorem 1: By referring to [37], the estimation errors
between the states in (10) and (11) are proved to be ultimate
bounded and uniform stable of an arbitrarily small ball cen-
tered at zero.

A. ZERO-ORDER DISTURBANCE OBSERVER

When n = 0, the proposed disturbance observer becomes
zero-order disturbance observer (ZDO). Note that, in this
case, the observer is designed with the assumption that the
first time-derivative of the disturbance is bounded. The sys-
tem matrices and vectors in (10) becomes
A:[&jg}é:“)krf:[01}md
i=[z wm ]T.

As indicated, most of the published methods for PMSMs
have the same form as ZDO [4]-[7], [9]-[21]. In some
other papers [39], [40], the authors named the same form of
observer as PI observer (PIO).
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FIGURE 1. Schematic diagram of the proposed high-order disturbance
observer with n = 2 (second-order); here, L = [L; L, Ly Ly]".
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B. FIRST-ORDER DISTURBANCE OBSERVER

When n = 1, the proposed disturbance observer becomes
first-order disturbance observer (FDO). In this case, the
observer is designed with the assumption that the second
time-derivative of the disturbance is bounded. The system
matrices and vectors are

) o 1 07
A=|90 00/ B=1[00k].C =
—k 0 0

[0 0 1 Jandi=[z 2V wy, ]

C. SECOND-ORDER DISTURBANCE OBSERVER

When n = 2, a second-order disturbance observer (SDO)
is designed. Then the matrices and vectors now have the
following form

0 1 0 0

. 0 0 1 0|, T

A= 0 o o o lB=[0 00 k] C=
& 0 0 0

[0 0 0 1 Jandi=[z 20 2@ w, "

Based on our literature review, this is the first time a high-
order observer is proposed to estimate total disturbance of
PMSMs in general form. Also this is the first time when
SDO is proposed for PMSM drives.

Although the high-order of the disturbance is considered
and estimated, the system matrices A and C are very spare,
and consequently, the algebraic Riccatti equation in (12) is
very easy to solve. Also note that, (12) can be solved by
the command ’care’ in MATLAB. This makes the proposed
generalized high-order observer very practical. A schematic
diagram of the SDO is shown in Fig. 1.

IV. FUZZY-PI CONTROLLER DESIGN AND STABILITY
ANALYSIS

A. FUZZY-PI CONTROL DESIGN

In this section, the Takagi-Sugeno (T-S) fuzzy inference-based
PI speed controller is designed to automatically adjust the PI
gains in order to improve the tracking performance, especially
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during the transient time. The proposed controller takes the
speed error w,, = Wy, — Wy and change of the speed
eITor Wy, as an input and provides i, as a control input to
the plant. Accordingly, the T-S fuzzy model rules used in the
proposed fuzzy-PI speed controller are determined as

Rule i for Ty .ypr: IF Wy, is G; AND W, is E; THEN

t
Thuzzypt = —kpiWm — ki; /0 Whdt (13)

where kp; and kj; are positive constant P and I gains, respec-
tively, of the PI speed regulators; G; and E; are fuzzy sets
defined for w,, and w,,, respectively; i = 1, 2, 3.

By defining the linguistic fuzzy sets as “ZE”(zero
speed error), “ZDE”(zero change of the speed error),
“PDE”(positive change of the speed error), and “NDE”
(negative change of the speed error), the fuzzy rules in (13)
can be set as follows )

Rule 1 for T,.zypr: IF Wy, is ZE AND w,, is PDE THEN

Tpuceypt = —kp1ivm — ki fo it (14)
Rule 2 for T4,.;\pr: IF Wy, is ZE AND va is NDE THEN
Thuzzypr = —kpoWm — ki2 /Ot Widt (15)
Rule 3 for Tj..,p;: IF i, is ZE AND i, is ZDE THEN

t
Tpueypt = —kp3iom — ki3 /0 ot (16)

Finally, using the rules described in (14)-(16), the output
of the fuzzy-PI speed controller is summarized as

3 t
TfuzzyPI = - } 9] (Wm’ 1:‘;’m) (kPiVVm + kli/ 1:‘:’mdt>

; 0

i=1

a7

where o; is a normalized weight of each fuzzy rule

in (14)-(16) and 0; = Fimm)__
(-1 and o = JTlur o

tions defined for each rule. The sigmoid type membership
functions are used in the proposed fuzzy-PI speed controller
and expressed as

; ¥i are membership func-

]/1 — e—alﬂ/gn—bl (L:{/m—F)z

—ayi?—ba (i +F) (18)

—a3 Wk, —b3wl,

2=e
v=e

where a;, b;, and F are positive constant parameters of the
membership functions. Since fuzzy sets defined above rep-
resented by some fuzzy numbers which belongs to open
intervals which depends on w,, and w,,, three sigmoid
functions are chosen as suitable and efficient membership
functions [41]. Empirical studies for the parameters of the
membership functions are performed to let the rules of the
fuzzy inference work effectively.
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Remark 2: The output of the fuzzy speed controller in (17)
represents the total torque on the right side of (6). To com-
pensate the effect of the total disturbance, the output of the
proposed observer is added with the output of the fuzzy-Pl
controller, hence the reference torque command is defined
Tret = Thuzzypr + 2. This, actually, is the estimation of the
electromagnetic torque.

So the reference for i, current is calculated as

Theypr | 1,
gy = —— + — 19
qref Kt + K[Z ( )
B. STABILITY ANALYSIS OF THE FUZZY-PI CONTROLLER
AND THE OBSERVER-BASED CONTROL SCHEME
From (6), dynamic of the speed error can be expressed
as

rr— kiig — nwm — ysign(wy,) — kZ (20)

where ki = Kik, 2 = (2 — Fwm — ¥sign(wm)), 1 = cea +
dyise and y = cpys + Cpric are unknown positive constant
numbers. Note that the term nw,, and ysign(w,,) represents
the Ty5c and T, respectively in (1).

Theorem 2: By referring to [42], it is proved that the speed
error in (20) asymptotically converges to zero.

Next, let us consider the closed-loop stability. The estima-
tion error defined as follows,

Cops =7 — 7 1)
Note that, 7 — 7/ = z — 2. Hence, (20) is modified as

Wi = kiig — MW — NWref — ¥ Sign(W) — kz' — keops

(22)
Lemma 1: Let us consider a system [43]
i= f (z_., y) 23)
y=rQ®

in which'y = r (y) is stable at y = 0. If 2 = f (z, 0) is stable
at 7 = 0, then the system in (23) is stable at (z,y) = (0, 0).

Theorem 3: Using the proposed generalized high-order
observer-based fuzzy-PI speed controller, both speed error
W and estimation error ey are stable at zero.

Proof: From Theorem 2, speed tracking error wy, given
in (20) is stable at zero. And from Theorem 1, the estimation
eITor eyps in (21) is also stable at zero. Then, using Lemma 1,
it reveals that the speed error and estimation error are stable
at zero.

Fig. 2 depicts the overall diagram of the proposed control
scheme.

V. EXPERIMENTAL RESULTS

The experiments are conducted on the 300-W SPMSM setup
manufactured by Lucas-Nuelle as shown in Fig. 3. A three-
phase induction motor (IM) servo-drive is utilized to sup-
ply a load torque. This servo-drive is controlled via the
servo-machine control unit. The parameters of the SPMSM
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FIGURE 2. Overall control scheme of the proposed high-order
observer-based fuzzy-Pl speed controller.

TABLE 1. Technical parameters of the SPMSM.

Parameters Values Units

Rated speed (w,gted) 2500 rpm
Nominal torque (Tq¢eq) 0.97 Nm

Pole pairs (7)) 4 -

Nominal stator resistance (Rs) 2.37 Q
Nominal stator inductance (Ls) 4.3 mH
0.0623  V-sec/rad
0.0033  kg-m?

Magnetic flux linkage ()
Nominal inertia (J,)

TABLE 2. Weighting matrices and gains of the observers.

Observers Weighting matrices and gains

700 Q0 = —0.0500 }

too }Rn=4oo,L={

0 109 51.1978

1 0 0o ]
FDO Qo=| 0 19x108 0

0

1

0

[ —14.9645 ]
—689.2024
| 196.9204 |
—15.9000
—780.0000
—4.1833
202.9000

, Ro =400, L =

0 1% 108 |
0 0 0
1.9 x 108 0
0 0 7% 10° 0
L 0 0 0 1 x 106

SDO Qo = R =400, L =

TABLE 3. Comparison of four observers under Case 1.

Criteria ZDO FDO SDO ESO
IAE for e, ps 0.8252 0.1841 0.1847 1.0138
IAE for W, 31.9000 | 27.7125 | 26.5625 | 59.0000
ITAE for egps 1.0395 0.2370 0.2238 1.3323
ITAE for w,, | 38.7231 | 36.4081 | 32.8081 | 75.8237

TABLE 4. Comparison of four observers under Case 2.

Criteria ZDO FDO SDO ESO
IAE for e, ps 1.0468 0.1121 0.1436 1.1883
IAE for W, 39.2250 | 32.9625 | 29.1500 | 70.7875

ITAE for egps 1.3448 0.1355 0.1684 1.1711
ITAE for w,, | 40.8994 | 35.1375 | 29.4744 | 71.3894

are listed in Table 1. The algorithm is written in the MAT-
LAB/Simulink environment and then translated to C lan-
guage to implement on the DSP of the setup. Fig. 4 shows
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TABLE 5. Comparison of the FDO and SDO under Case 3.

Criteria FDO SDO
IAE for epps | 0.1265 | 0.1521
IAE for wm, 29.6250 | 29.2750
ITAE for e,ps 0.0652 0.0774
ITAE for w,, | 14.7556 | 14.4837

TABLE 6. Gains of two controllers.

Controllers

Control gains

Fixed-gain PI speed controller

kp =01,k =2

Fuzzy-PI speed controller

kp, =5, kr, = 100, kp, = 0.1, kr, = 2, kp, = 3, kr, = 3

TABLE 7. Parameters of membership functions.

Membership functions

Values of the parameters

2 0.5

Torque (Nm)
=3
7S
Torque (Nm)

0 0.5 1 1.5 2 2.5
Time (s)
(@)

I
0.4 0.5 0.6 0.7 0.8 0.9 1
Time (s)
©

0 0.1 0.2 0.3

FIGURE 4. Different load torque commands used in the study: (a) 0.8 N-m
triangular load torque change (Case 1). (b) 0.8 N-m rectangular load
torque change (Case 2). (c) 0.97 N-m sinusoidal load torque change
(Case 3).

a1 =1073, by =107%, F =50

Y1
Y2 ag = 1076, by = 5><1078, F =50
3 a3 =103, b3 =10~6

z Z1s FDOp| [— 7
g 10 —
g gos
S0 05 1 15 2 25 B o 0.5 1 15 2 25
= Time (s) - Time (s)
Z15 SDO, Z
g 107 B g
gost J i ) y ; |
g 05 1 15 2 25 B o9 0.5 1 15 2 25
. Time (s) (a) Time (s)
£ 2000 e r T -
: 1 e speed  ——=ZDO-based control FDO-based control
i ——SDO-based control « ESO-based control
& 1600 . :
"0 0.5 1 L5 2 25

TABLE 8. Comparative tracking performance of two control schemes.

Criteria SDO-based fixed-gain PI SDO-based fuzzy-PI
1IAE 14.0875 12.5875
ITAE 3.3350 3.0056
Mean error 20.92 18.80 (improved by 10 %)

-
Three phase
transformer

Three phase
full bridge
inverter

Control unit
for servo
machine

IM servo
machine as a
load

FIGURE 3. 300 W SPMSM experimental setup manufactured by
Lucas-Nuelle GmbH.

three scenarios of the load torque commands that will be
used in this paper to analyze the performance of the proposed
observers and controllers as well as compared with the con-
ventional ones.

A. OBSERVER ORDER AND PARAMETERS DESIGN

First, we design ZDO and tune the gains for this ZDO to
achieve the satisfied performance. After that, the FDO is
designed in order to see if FDO is better than ZDO under
the same three scenarios. It is shown that the performance
of the FDO is superior compared to that of ZDO. Therefore,
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Time (s)
(b)

FIGURE 5. Comparative estimation performance of the observers in
Case 1: (a) Estimation of Z. (b) Speed response of the observer-based
fixed-gain PI-PI feedback control.

= e
z Z 15 FDO | [—%
g 2 10 -
= 505
2 * 5 0 . : :
g o0 05 1 15 2 25 B 0 05 1 15 2 25
Time (s) Time (s)
Z15 spo 1 2 S ESO
g 10 .15 ==
205 : Vot =
g0 g
& o 05 1 15 2 25 B 0 05 1 15 2 25
@ Time (s)
; L |
= = Reference speed ——ZDO-based control FDO-based control
——SDO-based control = ESO-based control
1 15 2 25
Time (s)

(b)

FIGURE 6. Comparative estimation performance of the observers in
Case 2: (a) Estimation of Z. (b) Speed response of the observer-based
fixed-gain PI-PI feedback control.

Torque (Nm)

04
Time (s)

b/~ = Reference speed
=-=-FDO-based control
~ 1920 —SDO-based control |

Torque (Nm)

o = 7 v
v

0 0.2 04 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
Time (s) Time (s)

FIGURE 7. Comparative estimation performance of the FDO and SDO in
Case 3: (a) Estimation of Z. (b) Speed response of the observer-based
fixed-gain PI-PI feedback control.

we continue design the SDO and tune for the gains. In this
case, the results show that the performance of SDO and FDO
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FIGURE 8. Comparative current and speed responses of the fixed-gain PI
and fuzzy-PI speed controllers under step load torque change:
(a) Reference speed tracking performance. (b) iy and ig currents.

are similar. So, we stop increasing the order of the observer.
The selected gains of ZDO, FDO, and SDO are shown in
the Table 2. Here we also implement ESO [10], [11] in
all cases for comparison. And the controller in this case is
conventional (fixed-gain) PI type. Fig. 5(a) illustrates the esti-
mation performance of the observers, i.e., ZDO, FDO, SDO,
and ESO whereas Fig. 5(b) show the speed tracking of the
conventional PI controller using these four observers under
the Case 1 of load torque. In Fig. 5(a), the continuous red
line is the electromagnetic torque 7, and the dash back dash
line is the estimated total disturbance Z. At steady-state, the
total disturbance is equal to the electromagnetic torque. As we
cannot measure the real total disturbance, here we use the
electromagnetic torque, instead. It is show that the estimation
performance of FDO and SDO are similar and both of them
are better than ESO and ZDO. This can be explained by their
(ZDO’s and ESO’s) lack of the high-order terms to estimate
the fast-varying term of the total disturbance. In Fig. 5(b),
the comparative tracking performance is presented. Note that
the speed reference is set at 2000 rpm. It can be seen that
the tracking performance of the ESO-based controller is the
worst, whereas it is not easy to check which is the best.
In order to show the difference of these four methods, the
quantitative performance are summarized in Table 3. In this
table, the integral of absolute error (IAE) and integral of
time absolute error (ITAE) are shown for both estimation and
tracking errors. The statistics in Table 3 confirms that ESO is
the worst both in estimation and tracking performance. It can
be also observed from the Table 3 that, both FDO and SDO
are better than ZDO in both estimation and speed tracking.
Moreover, it is interesting that although estimation perfor-
mance of FDO and SDO are almost the same (SDO/FDO,
TAE: 0.1847/0.1841, ITAE: 0.2238/0.2370); the tracking per-
formance of SDO is superior than FDO (SDO/FDO, TAE:
26.5625/27.7125, ITAE: 32.8081/36.4081). It means that the
SDO-based PI controller is better than the FDO-based PI
controller. It can be concluded that for Case 1, SDO is the
best estimation method.

Fig. 6 and Tables 4 present the plot and statistics of
estimation and tracking performances under the Case 2 of
load torque, respectively. Similar trend can be observed
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from Case 2, compared to Case 1, i.e., FDO and SDO are
significantly better than the ZDO and ESO, and the ESO
is the worst method. Also it is interesting that while the
estimation performance of FDO is slightly better than SDO
(SDO/FDO, IAE: 0.1436/0.1121, ITAE: 0.1684/0.1355),
it is vice versa for the tracking performance, i.e., the
SDO-based PI controller is better than the FDO-based
PI control (SDO/FDO, IAE: 29.1500/32.9625, ITAE:
29.4744/35.1375). The reason is, an estimation of SDO has
a little bit more oscillations than that of FDO in steady-state;
however, during transient-time, SDO acts quicker and more
appropriate than FDO when the estimation information is sent
to a controller to compensate.

Based on the results of Cases 1 and 2, ZDO and ESO
are confirmed to be worse than FDO and SDO whereas
FDO and SDO are more or less similar; we further imple-
ment FDO and SDO for Case 3. Under sinusoidal load
torque, again, we can see that estimation of FDO are slightly
better than that of SDO (SDO/FDO, IAE: 0.1521/0.1265,
ITAE: 0.0774/0.0652); however, in this case tracking perfor-
mance of FDO-based PI control and SDO-based PI control
are very similar (SDO/FDO, TAE: 29.2750/29.6250, ITAE:
14.4837/14.7556). This can be explained by the fact that the
load torque command in Case 1 and 2 are changed faster and
more severely compared to extra Case 3.

Until this point, it can be concluded that: 1) The esti-
mation and tracking performance of FDO and SDO are
very similar. 2) It seems that tracking performance of the
SDO-based PI controller is better than that of the FDO-based
PI controller, especially for the severe conditions of load
torque.

B. PROPOSED OBSERVER-BASED FUZZY-PI CONTROL
The gains of the fuzzy-PI speed controller and fixed-gain
(conventional) PI speed controller are presented in Table 6,
whereas the parameters for fuzzy rules are summarized in
Table 7. In this subsection, we will compare the SDO-based
fixed-gain PI and the SDO-based fuzzy-PI control meth-
ods. Fig. 8 shows the direct and quadrature axes currents
(ig and i) and speed responses of these two control schemes
when the load torque changes abruptly from zero to 0.8 N - m.
The associated quantitative performance are summarized in
Table 8. It can be observed from the Fig. 8 and Table 8
that, the SDO-based fuzzy-PI controller is better than SDO-
based fixed-gain PI controller in both criteria, IAE and
ITAE (fuzzy PI/ fixed-gain PI, IAE: 12.5875/14.0875, ITAE:
3.0056/3.3350).

With the aforementioned results and analyzes, it is revealed
that: 1) The proposed high-order observer is better than
the conventional ESO. 2) FDO and SDO show simi-
lar performance and both of them are better than ZDO.
3) The SDO-based PI controller is slightly better than the
FDO-based PI controller during the extreme conditions of
load torque 3) The SDO-based fuzzy-PI controller achieves
the better performance than the SDO-based fixed-gain
PI controller.
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VI. CONCLUSION

This paper presents a comprehensive analysis to select
the order of observer in the framework of a general-
ized high-order observer to estimate the total disturbance
in PMSMs. Also, a novel control scheme consisting of
a fuzzy-PI speed controller and the proposed generalized
high-order observer is presented. The experimental results
show that the proposed estimation algorithms perform bet-
ter than ESO under various scenarios of load torque,
even with lowest order (SDO). The results also show that
the SDO-based controller seems slightly better than the
FDO-based controller during the serious load torque condi-
tions. In normal conditions of load torque, it seems that SDO
and FDO give similar estimation and tracking performance.
The fuzzy PI speed controller is designed to further improve
the tracking performance. The comparative results reveal that
the proposed high-order observer-based fuzzy-PI speed con-
troller is very effective for controlling PMSM drives not only
because of its robustness but also because of its simplicity and
practicality.
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