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A Linear Control Approach to Design Digital Speed
Control System for PMSMs
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Abstract—In order to pursue the high performance of speed
control for permanent magnet synchronous machines (PMSMs),
a digital speed control system is proposed. In the proposed struc-
ture, two parts, namely, speed controller and speed measurement,
have been designed compared with the conventional speed control
scheme. The proposed universal instantaneous speed observer is
regarded as the speed measurement, where it can unify other types
of speed observer, eliminate delay issue, and reduce measurement
noises by utilizing the merit of high-order system characteristic.
The proposed speed controller with an active damping structure
is able to decouple the current loop bandwidth effect on the speed
system; meanwhile, it possesses better dynamic response, distur-
bance rejection, parameter robustness, and measurement noise
suppression compared with other types of speed controller. In
addition, the proposed digital speed control system in the z domain
is analyzed in detail. The theoretical effectiveness of the proposed
design is verified in a PMSM test rig.

Index Terms—Digital speed control, permanent magnet
synchronous machines (PMSMs), speed observer.

NOMENCLATURE
Uy, eqq Stator voltage and back EMF voltage.
iqq, izle; Measured and reference stator current.
W w{ff Evaluated and reference mechanical angular speed.
T System sampling and control period.
Lg,Lq dg-axis stator inductance.
Rs,p Stator resistance and pole pair number.
J,J Actual and nominal inertia.
Ky, K,  Actual and nominal torque constant.
T., T  Actual and reference electromagnetic torque.
Tl, T Evaluated and actual load torque.
ém, 0,  Evaluated and actual mechanical angle.
we,wob  Current loop and speed observer angular frequency.
Wspd Speed controller angular frequency.
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I. INTRODUCTION

A. Literature Review

ERMANENT magnet synchronous machines (PMSMs)
P are becoming a trend for ac servo applications, and the
speed control of PMSMs is expected to exhibit more high per-
formance [1]. The speed control is generally nonlinear and time
varying due to model parameter uncertainty and external distur-
bances, including cogging torque, friction torque, and unknown
load torque. Current loop (inner loop) [2], speed measurement,
and speed controller commonly constitute the overall speed
control system [3].

It is well known that the speed measurement should be
obtained by position sensors, i.e., resolver sensor, Hall effect
sensor, and magnetic encoder sensor. Although sensorless tech-
nology can replace position sensors, it cannot totally guarantee
the desired performance within the wide speed and torque range
and inaccurate motor parameters [4]. Based on position sensors,
there are four typical measurement approaches, i.e., digital filter,
phase-locked loop (PLL), Kalman filter [5], and instantaneous
model-based speed observer. The digital filter can effectively
eliminate the measurement quantization noises [6] but induce
phase lag, which can dramatically deteriorate the overall speed
control system performance. The PLL requests the involvement
of hardware and is actually a frequency filter [7]. The Kalman
filter is relatively complex and usually takes the quantization
error as Gaussian noises. The noise model may be different with
real noises. Lorenz and Van Patten [8] proposed an instantaneous
model-based speed observer, in which the observer can elimi-
nate the speed delay issue based on the actual system model.
Based on the observer structure, a cascade speed observer is
proposed to reduce the quantization noises, but the calculation
is relatively complicated due to the involvement of multiple
observers [9]. Aiming to improve speed estimation performance
at a low-speed region, several improved approaches based on
the model-based observer have been proposed [10]-[12]. In the
field of low-revolution position sensors, the speed estimation and
position estimation should be both carried out, and they cannot
be achieved in only one observer scheme. In order to solve this
issue, two observers are developed to enhance speed and position
performance at the same time: one is for the speed estimation
and the other is for the rotor angle position estimation [4], [13].

An ideal speed controller should have the best speed ref-
erence tracking, external disturbance rejection, measurement
noise suppression, and strong parameter robustness. With the
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development of speed controllers, proportional-integral (PI)
type and P-type speed controllers have been widely utilized in
modern industrial applications. The conventional PI-type speed
controller inherently owns the disturbance rejection, but there
exists a slight speed overshoot phenomenon since a zero exists in
the speed closed-loop transfer function [14]. In order to improve
the above issue, scholars have developed two-degree-of-freedom
(DOF) speed controllers [15]. Harnefors et al. [16] proposed
a classical two-DOF PI speed controller by adding an active
damping term, and this structure can avoid the speed overshoot
without affecting the dynamic speed tracking performance. In
addition, they proposed a novel second-order two-DOF PI-type
speed controller by adding a feedforward term, which can ef-
fectively eliminate the steady-state error for trapezoidal speed
reference [17]. However, the speed measurement part is not con-
sidered in the above two-DOF speed controllers. The two-DOF
PI-type speed controller can also be employed in the field of
model-predictive control (see, e.g., [18]). Considering the speed
measurement part, Xia et al. [19] developed a speed control
system with a two-DOF PI-type speed controller, and the speed
dynamic response can be improved further. Employing a high-
order nonlinear sliding-mode observer, the speed control system
with a two-DOF PI-type speed controller is proposed [20], but
the structure is relatively complex due to the involvement of
the nonlinear characteristic. Considering the current loop effect
on the overall speed control system, the global exponential
stability and phase margin of the speed control system have
been analyzed [17], [19], [21]. In order to suppress the integral
windup in the PI-type controller, a new anti-integral windup PI
controller with a separate integral state is proposed [22].

The alternative two-DOF speed controller is the P-type speed
controller by employing an instantaneous speed observer [§]
or a disturbance observer (DOB). The DOB was proposed by
Ohnishi in 1983 and is able to estimate disturbances by using
plant model parameters and measured states [23]. The DOB and
the instantaneous speed observer can be established by a linear
or nonlinear structure and usually taken as a feedforward com-
pensation [24], [25]. The P-type speed controller with a DOB or
an instantaneous speed observer is also called active disturbance
rejection control (ADRC). In order to reduce the complexity of
tuned coefficients, linear ADRC is developed [26]. However,
ADRC needs to obtain the speed and disturbances at the same
time by utilizing the DOB or the instantaneous speed observer,
and the rapid disturbance rejection performance should be traded
off with smooth speed estimation performance by using only one
observer. Based on this problem, two observers for the speed and
disturbance estimation are designed in ADRC, but the system
complexity is increased [27], [28].

B. Motivation and Innovation

Considering the speed dynamic response performance, dis-
turbance rejection, measurement noise suppression, current loop
model, and parameter robustness, this article proposes a digital
speed control system by utilizing a linear control approach. The
contributions of this article are as follows.

1y

2)

3)

Generally, instantaneous speed observers are based on
the angle or speed error to estimate the actual machine
speed, and the speed closed-loop transfer function is a
fixed third-order system [4], [8], [10]-[13]. In order to
establish a universal speed observer, an nth-order internal
model control (IMC) instantaneous speed observer based
on the superposition theorem is proposed. In this structure,
the speed observer is able to unify other types of speed
observer, and the design can be easily understood by
employing linear control theory. In the proposed speed
observer structure, third- and fourth-order observers will
be analyzed. With the observer order number increasing,
the system stability is deteriorated. In addition, the transfer
function from the current and speed quantization noises
to the estimated speed is analyzed in detail, which can
illustrate that the noises from the position sensor can much
more affect the estimated speed.

Although two-DOF speed controllers have been proposed,
the current loop model is usually neglected. It has been
analyzed that when the current bandwidth is high enough,
the speed control performance will not be influenced [17],
[19], [21], but the speed controller with a relatively low
current bandwidth has not been studied in detail. Apart
from that, although the ADRC speed controller may be
considered as an optimum speed controller because of the
simple P-type controller design [26], the speed observer
or the DOB needs to estimate the speed and disturbances
at the same time. The disturbance rejection performance
is coupled with the speed estimation performance, which
means that smooth speed estimation and fast disturbance
rejection cannot be obtained using a single observer or a
DOB. Motivated by the above arguments, a novel speed
controller considering a current loop model is proposed,
where the undesired coupling effect caused by the cur-
rent loop model is eliminated. Without introducing the
disturbance rejection DOF, an active damping structure is
added, and the proposed speed controller can both possess
optimum dynamic response and disturbance rejection by
adjusting one-DOF wy,,q. Utilizing this merit, only one
speed observer or DOB is enough for the overall speed
control system compared with the ADRC speed control
system. Furthermore, in order to enhance the speed loop
parameter robustness, a robust coefficient is added in the
proposed structure. The robust coefficient can be eas-
ily tuned to suppress the effect of .J and K; parameter
mismatch on the overall speed performance. The speed
performance evaluation, including dynamic response, dis-
turbance rejection, and measurement noise suppression,
has been compared with that in the conventional PI-type
and ADRC speed controllers.

So far, many literature works only focus on the speed
controller or speed measurement (see, e.g., [4], [9], and
[17]), but both parts jointly affect the speed performance.
Considering this issue, the proposed digital speed control
system is established and the performance evaluation will
be analyzed. Moreover, since zero-order holder (ZOH)
voltage latch and one-step control delay exist in practical
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Fig. 1. Block diagram of the speed control system.

systems, the speed control system in the z domain consid-
ering two typical current controllers and one-step control
delay is established. Based on the discrete-time stability
criteria, parameter robustness and the design guidance for
tuning « and wypq are illustrated in detail. In the proposed
overall speed control system structure, it can be found that
there exists speed performance consistency between the
speed controller and the speed observer under parameter
uncertainty.

C. Article Organization

The rest of this article is organized as follows. The con-
ventional and proposed speed control systems are introduced
in Sections II and III, respectively. Experimental comparison
results are presented in Section I'V. Finally, Section V concludes
this article.

II. CONVENTIONAL SPEED CONTROL SYSTEM

Generally, a speed control system mainly includes three parts,
namely, current loop, speed measurement, and speed controller,
as shown in Fig. 1.

In terms of the current loop, inverter nonlinearity and elec-
trical angle delay caused by the ZOH have been fully compen-
sated [29], [30]. Subsequently, the PMSM voltage equations are
presented as follows:

Uy, = Aigy + Big, + C + ey, (1)
where A:[I{)dé) I, B:[%Slg ], C=[~weLyiq,weLaiq]T,
q s

and Uy, = [Ug, U, ]". Decoupling of C and e, allows syn-
chronous or asynchronous machines to be modeled by using a
resistor—inductor load model. In this article, disturbances caused
by PMSM resistance and inductance parameter mismatch have
been assumed to be compensated. As a result, using the IMC
principle [31], the PMSM model transfer function G, (s) and
the closed-loop transfer function G;(s) can be presented as

ldq(S) 1 GCZ(S) _ - f:cw )

Gep(s) = 2

© Ugy(s) T SA+ B’

It should be noted that except for the PI-type current con-
troller, predictive current control can also be employed herein
(see [3, Fig. 1]).

Neglecting high-order current harmonics, PMSM motion
equations are presented as follows:

Te:Ktiqy T‘l:Te_mea Wm:ém- (3)

In order to improve the speed delay issue, an instantaneous
speed observer is employed as the speed measurement [8], [27],
[28], which can be shown as follows:

Td =K; fgt(em - ém)dTy j-‘l = —Td, ém = fo a)mflT
Om =L [ [Te + Ty + KO — ém)} dr + Kallutn)
) )
where T denotes the evaluated external disturbances. K, K;,
and K, coefficients of the observer can be selected as
3w J, w3 J, and 3wy J, respectively. The observer can simul-
taneously evaluate the PMSM speed and external disturbances.
In the field of speed controllers, two classical speed controllers
have been developed, namely, PI-type and P-type speed con-
trollers.
1) PI-type speed controller: The speed plant and PI speed
controller models can be, respectively, described as

wm(s) 1 Kp18—|—Ki1
Gsp(s) = Tos) ~ Js' Gse1(s) = iooP )
&)
The designed coefficients K,; and K;; can be obtained
based on a typical second-order system [17], where the
values can be determined as 2wpaJ and w3,y.J, respec-
tively.

2) P-type speed controller: However, the speed overshoot
phenomenon exists in the PI-type speed controller due to
the zero location of the closed-loop transfer function. To
avoid this issue, the P-type speed controller is designed.
The P-type speed controller with the instantaneous speed
observer (4) can predict the load torque 7} and suppress the
external disturbances through the feedforward compensa-
tion. This structure is also called ADRC speed controller.
Without considering K; and .J parameter mismatch, sub-
stituting (3) into (4), the predicted load-torque distur-
bance Tl(s) from the instantaneous speed observer and
the P-type speed controller G.2(s) can be, respectively,
expressed as

3
7 Wob KP2

Ti(s) = 3Tl(3)a Gsea(s) = ?t

(s + wob) ©)

where the coefficient K5 can be selected as wspdj.
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Fig. 2. (a) Speed observer based on the angle error. (b) IMC-speed observer
based on the superposition theorem.

III. PROPOSED DIGITAL SPEED CONTROL SYSTEM

This section presents a proposed digital speed control sys-
tem based on Fig. 1, where the speed measurement and speed
controller parts will be proposed. In addition, the digital speed
control system performance evaluation will be presented.

A. Universal Instantaneous IMC Speed Observer

Employing the IMC principle, the proposed IMC speed ob-
server can be applied in the speed measurement. This proposed
universal instantaneous speed observer is able to easily unify
other types of speed observer. The detailed procedure can be
presented as follows.

1) Design Guidance of Universal Instantaneous IMC Speed
Observer: First, the input, output, and external disturbance need
to be determined. The input and output are the measured me-
chanical angle of the position sensor and the estimated me-
chanical speed, while the external disturbance are the actual
electromagnetic torque, which is shown in Fig. 2(a). It can
be seen that Gyp(s) denotes the designed PI-derivative-based
model. Without the external disturbance, it is noticeable that

the closed-loop transfer function between the estimated angle
gz Since 6
1+Gan(s) =5 m
is the integral of w,,, the speed closed-loop transfer function
can be obtained once the angle closed-loop transfer function is
determined.

Second, without designing Ggp(s), the estimated speed
closed-loop transfer function in Fig. 2(a) can be simply solved

based on the superposition theorem as shown in Fig. 2(b)

and the actual angle can be expressed as

o = [1 = Gime(s)] 2ta

+ Gimc (S)Wm

Js
Prediction
— Measurement
K1 ~ =~
= [1 = Gime(5)] (%q —50m)+ SO (7)

where Ginc(s) stands for the universal closed-loop transfer
function between @ and w,,,. The detailed Ginc(s) design will
be presented in the next subsection.
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Remark 1: Unlike other speed observers requiring the de-
tailed design of the PI-derivative-based model Goy(s) and the
error between w,,, and w, the proposed universal instantaneous
IMC speed observer can only be based on (7) to estimate the
speed. Equation (7) is a direct, simple, universal formula to
obtain the estimated speed, and it can be seen that the evaluated
speed can possess both prediction and measurement character-
istic. The prediction part can eliminate the delay issue, while
the measurement part can guarantee a high robustness of the
IMC speed observer because there is no need to obtain PMSM
parameters in the measurement part.

Third, the digital implementation of the IMC speed observer
should be established. To make a continuous-discrete conver-
sion, there are many transform methods, i.e., Bilinear transform,
forward Euler, backward Euler, etc. The users can choose the
most suitable transform methods based on different application
requirements.

2) Design of nth-Order Gin(s): Based on (7), it can be
seen that Ginc(s) possesses the low-pass filter characteristic
to achieve the zero-speed steady-state error between w,, and

Kii .
Gime(9)] 7”‘1 means the acceleration

Wy Furthermore, [1 — .
term and owns high-pass filter characteristic. In this case, the

nth-order (n € ZT) Ginc(s) can be designed as

n7282

n(n—1)
2 wob

1
T s + ol
(8 + Wob)™

where wop denotes the undamped natural frequency related to
the universal instantaneous IMC observer dynamic response
bandwidth. The small value of w,, leads to the slow dynamic
response for the acquisition of @ under changeable external
load-torque disturbances, but the magnitude of the measured
noises is also reduced and the estimated speed becomes smooth.
The speed tracking error transfer function E(s) between &(s)
and w,, (s) can be expressed as

E(s) = [Gime(s) — 1] wm(s)

(8 + wep)™ — 7"(7;_1)w3b’282 +nw s + Wl (s)
— W (8).
(8 4+ wob)™
)

Employing the final value theorem, the speed steady-state
error can reach to zero under the acceleration input speed
wm(s) = <5 (constant acceleration c). The constant coefficient,
the coefficient of s, and the coefficient of s2 must be same as
in the numerator and in the denominator in Gy (s), if the IMC
observer cannot satisfy the zero speed steady-state error under
acceleration input speed wy, (t) = %tz. Substituting (8) into (7),
the nth-order universal instantaneous IMC speed observer can
be established. When n = 3, the third-order G (s) is expressed

2 2 3
as % Actually, it is noticeable that the third-order

IMC speed observer model is completely same as the instanta-
neous speed observer of (4) (see, e.g., [8], [27], and [28]).
Remark 2: The universal instantaneous IMC speed observer
can not only estimate the speed but also predict the load-torque
disturbances 7;. The transfer function between Tl and T} can be

expressed as Tj(s) = %Tl(s) Based on (7) and (8), the

Gimc (5) - (8)
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load-torque disturbance T} can be obtained as follows:

Ty(s) = o (@ — Oim) . (10)
(84 wop)™ — @wﬁ;zsz + nw s + wi

3) Analysis of High-Order Instantaneous IMC Speed Ob-
server: Generally, without utilizing a sensorless technique,
PMSM stator currents igq, and position angle 6,, need to be
measured, where both measurement parts can induce quantiza-
tion noises (5,;q and dy,_ ). Take the noises into account, and (7)
can be rearranged as

m

Term1
/:’T Term?2
Ki(ig + 6; —_——
Om = [1 — Gime(8)] % +Gime(8) 8(O0m, + 0, -

(11

In (11), it can be seen that Term1 is related to the integral of

iq + 0;,, while Term?2 is related to the derivative of 0,,, + dg,, -
As a result, it is noticeable that dy,, can induce much more
noises than d;, for the acquisition of the evaluated speed since
there exists a differential part in Term2. In order to suppress the
high frequency dy,, in Term2, a higher order transfer function
Gime($) should be preferred. This is a significant reason for de-
signing high-order IMC speed observers. However, the stability
of the IMC observers will be deteriorated with the increase in n,
which is one of the limitations for higher order observers. The
reason behind this is that the zero of Ginc(s) is necessary to be
designed to guarantee the zero-speed steady-state error between
wp, and @, and can unavoidably induce the estimated speed
overshoot phenomenon. The zero location effect on Gipc(s)
will be further amplified with the increase in n. In order to
illustrate clearly, several different order number Ginc(s) Bode
comparison is shown in Fig. 3. In this graph, the blue, red, green,
black, and cyan lines denote the third (n = 3), fourth (n = 4),
fifth (n = 5), sixth (n = 6), and tenth (n = 10) order observers
Bode plot, respectively. The instantaneous IMC observer cutoff
frequency is set as the same value (50 rad/s) to make sure
that the speed dynamic response is the same. It can be seen
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that although the magnitude of the high-frequency quantization
noises can be further suppressed with the increase in n, there
exists certain more than 0-dB magnitude below the value of
the cutoff frequency, which means that the estimated speed
overshoot occurs at a dynamic state. The value of the estimated
speed overshoot will be increased with the increase in n. Fur-
thermore, the phase margin of the IMC observers is gradually
reduced with the increase in n. The phase margins ¢,, of the
IMC observers (n = 3,n = 4,n = 5,n = 6,n = 10) are 71.2°,
43.5°,31.9°,25.6°, and 15.8°, respectively. The higher the value
of ¢,,,, the better the robustness of the IMC observer. In this case,
the nth-order number selection should depend on the desired
robustness of practical systems. In addition, the calculation is
another barrier for high-order observer applications. Therefore,
there is a tradeoff selection between the high- and low-order
observers.

4) Digital Implementation of the IMC Speed Observer: Sub-
stituting (8) into (7), the continuous-discrete conversion trans-
form can be employed to achieve the digital implementation of
the universal instantaneous IMC speed observers.

Setting the fourth-order IMC speed observer as an exam-
ple, substituting (8) into (7), Gimc(s) can be expressed as

62 8244w stwh . .
% and the estimated speed can be obtained. In
Ol

this article, backward Euler (% — ;szl) will be employed to

transform the transfer function from the s domain to the z domain
) _ Om(2)=Om (2)z71

d)ml(z

s

Gm3(2)z 1T+ [wfdJml(z)(lfz’l)}A (12)

Wms(2)

3 = a,

whereI' = as +asz ' +agz 2 +asz 2+ 2"%*and A = by +
boz t 4 b3z 2 + byz 2 + 274 After determining the related
coefficients as listed in Appendix A, the digital implementation
of the fourth-order instantaneous IMC speed observer can be
carried out in digital control systems.

B. Proposed Speed Controller With an Active Damping
Structure Considering a Current Loop Model

1) Proposed Speed Controller Structure Design: To pursuit
the speed control high performance, including the speed dy-
namic response, disturbance rejection, measurement noise sup-
pression, and system robustness, a novel speed controller with
an active damping structure considering a current loop model is
proposed herein, as shown in Fig. 4. An adjusted robust coeffi-
cient «v is designed in the proposed speed controller structure.
The proposed speed controller mainly includes four parts, i.e.,
active damping structure, anti-integral windup, PI-type regulator
considering current loop, and tuned robust «. The proposed
open-loop speed transfer function Gys3 is presented as follows:

G (S) o 7‘*’52p<1(wic+1) we Oé& 1
ols3 - 5 stwe K J(s+2w\ ozjKt)
_, TR (13)
Jwg — T,
— pd R 2 _ JK
Kpg = o Kzg = stpd7 o = Ktj'

Remark 3: The active damping structure and the PI-type
regulator are employed to establish a second-order closed-loop
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Fig. 4. Transfer function block diagram of the proposed speed controller.

speed system, which has better high-frequency measurement
noise suppression, compared with the first-order closed-loop
speed system [23]. It should be noted that the value of «
is initially set to 1 without PMSM parameter mismatch. The
value of « can also be determined by parameter identification
techniques, i.e., recursive least squares, offline parameter lookup
table, offline parameter curve fitting, model reference adaptive
parameter, extended Kalman filter, invasive injection techniques,
etc. Without obtaining the actual PMSM parameters, o can
be theoretically adjusted to improve the speed overall system
robustness, and the tuning guidance is presented in the next
subsection in detail. With respect to the integrator windup is-
sue, there are several anti-integral windup techniques [3], [32],
[33], and back calculation anti-integral windup is employed
herein [32].

2) Proposed Speed Controller Performance Evaluation: In
this subsection, the dynamic response performance, load-torque
disturbance rejection, and measurement noise suppression of the
proposed speed controller will be evaluated compared with PI-
type and ADRC speed controllers. Before the evaluation, several
conditions need to be assumed to reduce the complexity of the
analysis, i.e., Ky = K;,J = J resulting in o = 1, the closed-
loop current transfer function (2) is considered, and the third-
order instantaneous speed observer is employed in the ADRC
speed controller [8], [27], [28].

In terms of the dynamic response performance evaluation,
according to (13) the speed closed-loop transfer functions of the
three speed controllers can be, respectively, expressed as

(2wspas + W) we

Gasi(s) =
ast (8) 53 4+ 52w + 2wewspas + wfpdwc
WelWspd
G =
cls2(5) s2 + WeS + Welspd
2
Wepd
Gag(s) = m "

where G (8), Gasa(s), and Gggs(s) denote the Pl-type,
ADRC, and proposed speed controllers, respectively. It can be
seen that the undesired coupling between w, and wgpq occurs in
the pole location of the first two (14). In G, there exists a
speed overshoot phenomenon because the second-order system
is underdamped under the condition that wg,q > %. On the
contrary, there is no speed overshoot under the condition that
wspa < ¢, but the dynamic response speed is determined by
both wgpg and w,.. Thisis areason why the value of the speed loop

bandwidth needs to be set smaller several times than the current
loop bandwidth. In G, the zero location also induces a certain
speed overshoot. Nevertheless, G¢js3 can only be determined by
wgpd based on (14) and is fully critically damped under different
values of the current loop bandwidth.

In the field of the load-torque disturbance rejection evaluation,
an effective performance measure is to employ an integrated
error ¢ [32], which can be presented in (15). A load-torque
step Ti(s) = £ is applied herein, and G141(s), Gri2(s), and
G113(8), respectively, denote the PI-type, ADRC, and proposed
speed controllers

(1= / (w;if — Wy )d7 = lim T;(8)Gry1 ()
0 s—0

K [33 + Sch] K

im =
50 52(83 4 $2we + 2wewspas + wfpdwc) wfpd

<2 = lim

w3, We k(8% + wes)
s—0 (

S+ wob)3 S+ we 5%+ wes? + wewspa 52

K(wWob + 3we)

WobWcWspd
. R R
G=lm ——m = ——. (15)
50 (5 + wSPd) Wepd

In (15), it can be seen that the smaller the value of (, the
better the disturbance rejection performance. In the PI-type and
proposed speed controllers, wypq is the only coefficient for the
disturbance rejection performance, and the value should be set
largely to enhance disturbance rejection. It can be known that
the dynamic response and disturbance rejection can be both
enhanced by increasing the value of wg,q. Thus, wg,q can also
stand for the external disturbance rejection coefficient in the
proposed structure. Conversely, w., wspd, and wqy, all affect the
load-torque disturbance rejection performance in the ADRC
speed controller. Increasing the value of w. can enhance the
disturbance rejection, which means that there exists the unavoid-
able coupling between w,. and disturbance rejection. The other
demerit of the ADRC speed controller is that increasing the
value of w,, can amplify the speed measurement noise from the
speed observer based on (4). It should be noted that although
¢ is employed, the absolute of the values is different, i.e., the
total sum ¢ of negative and positive values of w'® — w,), is the
same, but the disturbance rejection performance is different,
as explained in Fig. 5. Setting an example in Fig. 5, although
(1 = (3 (H1 + H2 + H3 = H4), the negative value exists in
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Fig. 5. Step response of Gr1(s) and Gr3(s) with the same coefficients

(wepd = 1007rad/s and w. = 2007rad/s).

G, resulting in |G| > |G3| ((H1| + [H2| + |H3| > [H4)|).
In this case, the best disturbance rejection is the proposed speed
controller.

For the measurement noise suppression evaluation, it should
be assumed that the measured speed from the position sensor
contains both parts, i.e., the measured speed w,, and mea-
sured speed noises J,,,, . Consequently, the measurement noise
transfer function between the measured speed noises ¢, and
the measured speed w,, of the PI-type, ADRC, and proposed
speed controllers can be, respectively, expressed as the negative
term of (14), also called complementary sensitivity function.
Thus, based on (14), a coupling issue between w,. and mea-
surement noise suppression exists in the PI-type and ADRC
speed controllers, while the measurement noise suppression
of the proposed speed controller can only be determined by
wspd- The measurement noise suppression can be enhanced
with the reduction of wg,q, and there is a tradeoff between the
measurement noise suppression and dynamic response speed

rate. However, compared with the first-order system (sizzd "
st wsp

the second-order system Ges3(s) should have better measure-
ment noise suppression performance under the same dynamic
response performance condition.

3) Digital Implementation of the Proposed Speed Controller:
Based on Fig. 4, the digital implementation of the proposed
speed controller can be easily carried out. The forward Euler
is employed to discretize and the digital format of the speed
controller can be expressed as

ep(k) = [w“”f(k) - wm(k)] Kp3
=Wk —1) —wn(k—1)+ea(k—1)

)
)
) = €ii(k)Ts Kiz + eio(k — 1)
)

wi (k) = W (k) —wm (k1) + Wi (k) (16)

aTs B
zfie;(k) = K%Sat [ep(k) + eio(k) — 2wsdeW1(k)]
gref 27 e Cio -~ ws(iw

ealk) = g (F) 5* [p(k); (k) 2w Jwr (k)]

p3

where the function Sat(x) stands for the saturation function
(Sat(z) = 1,if = > [;Sat(z) = —I,if ¢ < —I; Sat(x) =
x, otherwise).

C. Digital Speed Control System Performance Evaluation

Combining with the proposed universal instantaneous IMC
speed observer and the proposed speed controller, the proposed
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digital speed control system can be established. In this sub-
section, the fourth-order IMC speed observer is employed, and
the corresponding coefficients, i.e., Ts and PMSM parameters,
are consistent with that in the experiment part. Since the ZOH
voltage latch and one-step control delay exist in the practical
system, the digital speed control system in the z domain will
be analyzed to reduce the unnecessary approximation in this
article. Moreover, the effect of 7 on the overall system is
significant, and the designed coefficients considering system
robustness totally depend on the value of T. In this case, it is
straightforward to theoretically design these coefficients based
on the digital speed control system. The z-domain transfer
function block diagram is shown in Fig. 6, where G,on(2) is
the current loop model transfer function. The speed open-loop
transfer function Gs(z) of Fig. 6 can be expressed as

 JwiTs 2~ 1+ Tyw,

oK TG on(z
Gols(z)— | — t zoh()

EJ(zfllJrQwSpdea%(})
a7

1) Current Loop Model Influence: Compared with other un-
modeled models, i.e., measurement and anti-aliasing filters, and
time delays resulting from analog/digital conversion, a current
loop model is more significant for the overall system, especially
under low current loop bandwidth [e.g., there exists the speed
overshoot under wgpq > % based on (14)]. Therefore, it is
necessary to analyze the current loop model before designing
the speed control system.

Currently, current controllers can be mainly divided into two
types, namely, PI-type and predictive current controllers (see,
e.g., [3]). In digital current loops, the ZOH voltage latch and
one-step control delay should be considered. In the Pl-type
current controller scheme, the current loop model G, (z) can
be expressed as

wcz { SAjB} (1 _ 271)Z Gc;z;(s) 271
Gzoh(z) = { }

14+ w.Z {%} (1-2"1HZ {G%(s)} 271
(18)
Based on the above equation, the PI-type current loop transfer
function can be simplified as G,oni(2) = #ﬁf% On the
contrary, in the predictive current controller, since the (k + 1)th
instant current can be predicted based on the current instant (kth)
measured voltage and current, the predictive current loop trans-
fer function can be presented as Gon2(2) = % Gon1(2)
and G,on2(2) can be taken as a first- and second-order current
loop system, respectively. Based on (17), the phase margin ¢,,
of the overall speed system with G o1 (2) is smaller than that
based on G,on2(2) in Fig. 6. For example, setting wypq as %,
@m of the overall speed system with G o1 (2) is 32.5°, whereas
¢m = 61.7° occurs in the overall speed system with Gon2(2)
under the same model parameter and coefficient condition.
Consequently, the predictive current controller is more suitable
for the proposed digital speed control system. It should be noted
that there may exist model parameter mismatch in the current
loop, lookup table, or model-based DOB; adaptive parameter
identification can be employed to handle for that, which is not
focused on this article.
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Fig. 6.  z-domain transfer function block diagram of the proposed digital speed control system.
2) Design Guidance for wg,q and o.: Assume that the predic-  that the value of the dominant pole is located in (0, 1 — wepaT%s),

tive current controller is employed in this article before illus-
tration. In the speed loop, it can be known that both inaccurate
parameters K; and J can induce the system instability. Defining

the term aéKf of (17) as ¥, the speed closed-loop transfer
function Gj5(z) can be expressed as follows:

X("’VSQ]:)dT‘2
22 4+ 2(xwepaTs — 1)z + w2

G = .
C]S(Z) T 2stpdT€ + 1

(19)

It can be seen that both wg,g and « can affect the system

robustness. According to (19), the pole location can be presented
as

spd

1 _Wspde(Xi X_XQj)v X € (071)
201 = § 1 — wepaTs, x=1 (20)
]-*WspdTS'(X:t V X2 = X), x>1

where j denotes the imaginary part. Without J and K, parameter
mismatch, it can be seen that wg can be determined by a
unit circle in the z domain (the stability criterion is |z| < 1)
as wypd € [0, Tl] The optimum wg,q design should meet as
wepd € [0, %] to avoid the speed overshoot phenomenon. The
design guidance of wypq can be based on the desired speed system
dynamic response, and the speed dynamic response becomes
fast with the increase in wgyq, and vice versa. wgpg can also be
computed by the desired setting time ts (t5 = i) and can be

expressed as ;- 4 for 2% or - 3 for 5%, respectlvely

Initially, the value of o 1s set to 1. However, the desired speed
performance with the computed wgpq cannot be achieved when
J and K; parameter mismatch occurs in practical systems. In
this case, the actual dynamic response is inconsistent with the
designed dynamic response, and users can only tune « to achieve
the designed dynamic response without changing the determined
wgpd- Therefore, the design guidance for tuning « is presented
in this subsection. « is set to 1 initially, and users will see the
speed dynamic response under the determined wgpq in real time.
Based on this criterion, the determined wgpq can reflect the actual
speed dynamic response performance. For example, setting the
small value of wypq in the speed controller, the speed dynamic
response gets slow. When there exists the speed overshoot, x
is located in (0,1) due to the involvement of j, and « should be
increased manually until the speed overshoot is missing. When
the speed dynamic response gets much slow and cannot match
the setting value of wqpq, X is located in (1, +00) because of the

dominant pole is 1 — wpaTs(x + /X2 — X). It can be known

which means that the speed bandwidth is reduced. In this case,
« needs to be decreased manually until the dynamic response
speed gets recovered back. When the speed is unstable, y should
be located in (1, +00). The reason is that the following condition
may happen as |1 — wegpaTs(x + /X% — x)| > 1 with the large
value of x. In order to stabilize the system, « also needs to be
decreased manually.

3) Speed Loop Parameter Robustness: Regarding the speed
loop parameter robustness evaluation, the value of the robust
coefficient v needs to be set to 1. It can be seen that the speed
control system stability mainly depends on the value of wgpq in
(20). x stands for the parameter robustness, and a larger value of
x means the better parameter robustness and vice versa. Based on
the discrete-time stability criteria, x needs to meet the following
term based on (19):

—12|. @D

t

K,
loye 070.5+\/0.25+(
J Wspd L s

It can be seen that the range of x is reduced with the increase
in wgg based on (21), and vice versa. There is a tradeoff
between dynamic response and parameter robustness. Based

on (20), when i < J , the 1nstab111ty never occurs under

Wspd € [0,
may occur since the pole location of G;(z) can be out of the
unit circle.

With respect to the parameter robustness analysis of the
proposed IMC speed observer, it can be seen that the parameter
disturbances caused by J and K can also affect the IMC speed
observer robustness based on (7). In order to give an investigation
on tolerance degree of the parameter mismatch, the worst system
robustness is defined as the phase margin ¢, < 30° in this
article. Therefore, the acceptable parameter mismatch range for
the third- and fourth-order IMC speed observers is == = >

T—] On the contrary, when f > f, the instability

5Kt
and L > T K , respectively. It can be seen that the thlrd-order
IMC sfpeed observer can have better parameter robustness than
that of the fourth-order IMC speed observer.

4) Speed Performance Consistency Between the Controller
and the Observer Under Parameter Uncertainty: To analyze
the speed performance consistency of the controller and the
observer under parameter uncertainty (; and .J), the value of
« also needs to be set to 1. In the speed observer, based on
(7), it can be easily found that the estimated speed @ under the
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parameter mismatch condition that == < % is larger than the
estimated speed w without parameter mlsmatch Consequently,
the speed dynamic response becomes faster under the parameter
uncertainty. When = > -, the estimated speed w is smaller
than the estimated speed w w1thout parameter mismatch, and
hence, the speed dynamic response becomes slow. On the other
hand, in the ADRC speed controller, the speed open-loop trans-
fer function without considering the current loop can be obtained
as X2 based on (5) and (6). Therefore, the closed-loop transfer

functron in the z domain based on the forward Euler (% E)
Xwspd T's
1+Xw<pde :

tion, when = < 4, x € (0,1), the speed dynamic response
of the ADRC speed controller gets slower. It can be easily
found that the ADRC speed controller cannot get the consistent
speed dynamic performance with the speed 0bserver On the

can be expressed as Based on the transfer func-

contrary, in the proposed speed controller, when = < £, the
speed overshoot will occur based on (20) whlle the slow speed
dynamic response will occur under 7 Kt' Therefore, the
proposed controller has the consistent stpeed dynamic response
with the speed observer.

In other words, it is straightforward to tune « for improving
the speed dynamic response performance under the speed loop
parameter uncertainty in the proposed digital speed control sys-
tem. The proposed speed controller is much more suitable for the
IMC speed observer, compared with the ADRC speed controller.
According to the speed performance consistency merit, o can
be added in the IMC observer (7), which can be expressed as

Kth

aJs

=1 — Gime(5)] ( - Hms) + O 5. (22)

For example, when the condition that K% < K% happens, «
can be manually increased based on the actual dynamic speed
response, which can reduce the parameter mismatch effect on the
proposed speed observer based on (22). On the contrary, when
== > 4, a can be manually reduced, and hence, the distur-
bance caused by the parameter mismatch effect on the proposed
speed observer based on (22) is decreased. Overall, because of
the speed performance consistency, the proposed overall speed
system performance can be immune to the parameter mismatch
effect through suitably adjusting «.

IV. EXPERIMENTAL RESULT VERIFICATION
A. PMSM Test Rig Setup

The PMSM test rig is constructed as shown in Fig. 7, where
two XCUBE controllers (the main MCU is TMSF320F28377d)
are employed as the drive and load control system. The drive and
load inverters are consisted of the silicon carbide (SiC) power
modules and intelligent power modules based on an insulated-
gate bipolar transistor. The oscilloscope is the high-performance
Lecroy MDA8O58HD. The 12-V auxiliary power supply is used
for energizing the control system. The PMSM and controller
parameters are listed in Table 1.
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Fig. 7. PMSM test rig setup.
TABLE I
PMSM AND CONTROLLER PARAMETERS

Parameters Value Unit Parameters Value Unit
Stator Resistance (Rs) 1.1 Q Flux Linkage (¢)m) 0.092 ‘Wb
D-axis Inductance (Lg) 5.7e-3 H Q-axis Inductance (Lg)  5.7e-3 H
Rated Current (1) 4.2 A VSI Deadtime (t4) 2.5 us
Torque Constant (K¢) 0.552 Nm/A  Inertia (J) 4.53¢-4  kgm?
Control Period (Ts) 100 us ADC Resolution 12 bit
Machine Pole Pairs (p) 4 Encoder Resolution 2500 PPR

B. Speed Measurement Performance Evaluation

In order to evaluate the speed measurement performance,
the ADRC speed controller is adopted as the speed controller
part. Four types of the speed measurement method will be
compared, i.e., M method combined with the first-order low-pass
filter (Method1) where the low-pass filter cutoff frequency is
100 Hz, the instantaneous speed observer based on the angle er-
ror (Method?2) [8], the proposed third-order IMC speed observer
(Method3), and the proposed fourth-order IMC speed observer
(Method4). The M method is a speed measurement approach
and can be expressed as

O (k) — 0, (k — 1)
T

o (k) = 23)
where k is the sample number index. It should be noted that
there is a slight phase lag between the reference speed and
the measured speed due to the limited speed loop bandwidth.
The experimental results for quantization noise suppression
and high-order parameter robustness will be carried out in this
subsection.

1) Quantization Noise Suppression: w. and wg,q are set to
27500 and 27200rad/s, respectively. It should be noted that
setting the same value of the cutoff frequency in different order
number observers, wq, should be different. For example, wop, of
Method2 and Method3 is set to 1.962 times 2750rad /s, while
wob of Method4 needs to be set to 2.3 times 2750rad /s. In this
case, the three speed observers can have the same estimated
speed dynamic response based on —3-dB cutoff frequency defi-
nition. The sinusoidal waveform [ f, (¢) = 100 + 50sin(307¢)]
is considered as the speed reference. Fig. 8 shows the measured
and reference speed performance comparison. It can be seen that
more delay lag and slight speed overshoot exists in Method1,
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(b) From Method1 switch to Method2. (¢) and (d) From Method3 switch to
Method4.
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Fig.9. Estimated speed performance comparison with the large values of wop
J _

under o= % parameter mismatch.

but the measured speed waveform is much more smoother than
Method2 and Method3. Compared with Method3, the measured
speed of Method4 is smoother, which can validate that the
quantization noise is further reduced with the fourth-order speed
IMC observer.

2) High-Order Parameter Robustness: First, to validate the
conclusion that higher order IMC observer has worse robustness,
we and wypq are set to 27300 and 2750rad /s, respectively. In
order to keep the same estimated speed dynamic response,
wob Oof Method3 and Method4 is set to 1.962 and 2.3 times
27260rad /s, respectively. The sinusoidal waveform [ fg,(t) =
100 + 50sin(57t)] is considered as the speed reference. With the
PMSM nominal parameter mismatch of the controller condition
(= J = 5 }J< ), the estimated speed performance of Method3 and
Meth0d4 can be shown in Fig. 9. It can be seen that more high-
frequency noises occur in Method4 and the system robustness
is deteriorated, which means that the estimated speed cannot be
obtained accurately compared with Method3 with the large value
of wep. When setting the small value of wqp, the high-frequency
noises of Method4 can be eliminated, and hence, it can be
concluded that the value of w,}, can affect the robustness of the
proposed observers. Second, to investigate the acceptable pa-
rameter mismatch range for Method3 and Method4, the related
test is carried out, and it is found that the acceptable parameter

mlsmatch range for Method3 and Method4 is == - > and

6. 7Kf
= > 55 K , respectively, with small values of Wob, Where the
Values of wep of Method3 and Method4 are 1.962 and 2.3 times
2730rad/s, respectively. Third, keeping the small value of wop,
the estimated speed performance comparison of Method3 and
Method4 under parameter mlsmatch = = IJ{ is carried out in

Fig. 10. It can be seen that the estlmated speed performance of
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Fig. 10.
Wopb under = =K parameter mismatch.

Estimated speed performance comparison with the small values of

Method4 is worse than that in Method3. Overall, according to
the above tests, it can be validated that the parameter robustness
of the IMC speed observer is deteriorated with the increase in
n, and both the parameter mismatch and w,y, can affect the IMC
speed observer robustness.

C. Speed Controller Performance Evaluation

To evaluate the speed controller performance, the proposed
fourth-order IMC speed observer is employed herein, and three
types of speed controller will be compared, namely, the ADRC
with the fourth-order DOB, conventional PI-type, and proposed
speed controllers, where the value of « is set to 1.

1) Dynamic Response: wgpq of the ADRC, Pl-type, and
proposed speed controllers should be, respectively, set to
2750rad/s, about 0.5 times 2750rad/s, and 1.554 times
2750rad /s to obtain the approximately same value of the cutoff
frequency of the speed closed-loop system. The value of 1-N- m
torque is set in the load system. When w,. is set to 27w350rad/s
(wspa < %), the current loop can be neglected in terms of the
speed dynamic response, which is shown in Fig. 11(a), (c), and
(e). It can be seen that the speed dynamic response is almost
the same in ADRC and proposed speed controllers, whereas the
speed overshoot occurs in the PI-type speed controller because
the unavoidable zero exists in the speed closed-loop transfer
function. In order to testify the controller performance under the
condition that ws,q > %¢, increasing the speed loop bandwidth,
setting the same speed loop and the cutoff frequency in the three
speed controllers, and reducing the value of w,. to 27r100rad/s,
the speed dynamic response comparison is shown in Fig. 11(b),
(d), and (f). It can be seen that the better speed dynamic response
without speed overshoot exists in the proposed speed controller
compared with the other speed controllers. In addition, it can
be seen that the maximum g¢-axis current of the proposed speed
controller is the smallest, which can save more power in speed
control systems. It should be noted that the maximum g¢-axis
current limitation is set to 12 A to make sure that the speed
control system is a linear system.

2) External Load-Torque Disturbance Rejection: In order
to compare the external load-torque disturbance rejection, the
dynamic response performance should be kept the same. In
addition, 4wy = wspq should be set to obtain the same distur-
bance rejection because the fourth-order DOB based on (15)
is employed in the ADRC speed controller. The rated value
of load torque is carried out as an external load torque, and
the reference speed keeps the constant value 500 r/min. Fig. 12
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Fig. 11. Speed dynamic response performance comparison of three speed
controllers. (a) and (b) ADRC speed controller. (c) and (d) PI-type speed
controller. (e) and (f) Proposed speed controller.

shows the external disturbance rejection comparison of the three
speed controllers. It can be seen that there are large noises in the
measured speed of the ADRC speed controller since 4w,y is set
to enhance the load-torque disturbance rejection; meanwhile, the
measured speed is affected by 4w, and the waveform becomes
rough. There is a tradeoff between the disturbance rejection and
the measured speed waveform. In addition, since w, can reduce
the disturbance rejection in the ADRC speed controller based
on (15), the speed overshoot is larger than other controllers. In
the PI-type speed controller, based on the theoretical analysis
of Fig. 5, the speed overshoot is slightly larger than that in
the proposed speed controller. Therefore, the best disturbance
rejection is the proposed speed controller among the three speed
controllers.

3) Speed Measurement Noise Suppression: In order to make
a fair comparison, the M method with the first-order low-pass
filter is employed in the speed measurement and w,. is all set to
27t500rad/s. Since the speed measurement noise is complimen-
tary with the speed closed-loop system dynamic response, the
speed dynamic response cutoff frequency should be set to the
same value in the ADRC and proposed speed controllers. Fig. 13
shows the speed measurement noise suppression comparison un-
der low-speed condition. It can be seen that the measured speed
noise is reduced from the ADRC to proposed speed controllers.
In addition, the speed measurement noise suppression compar-
isons under 700 and 1500 r/min speed conditions are carried out
in Fig. 14. It can be seen that the measurement noises are also
decreased under 700 r/min speed condition, but there is almost
the same measured speed performance under 1500 r/min speed
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condition. The main reason behind this is that the magnitude of
the measured noises is reduced under rated speed condition. In
this case, the effect of measured noises on the overall system can
be neglected under rated speed condition. Based on the above test
results, it can be concluded that the proposed speed controller
has better measurement noise suppression than thatin the ADRC
speed controller.

D. Digital Speed Control System Performance Evaluation

1) Parameter Robustness: In order to validate the system
parameter robustness, the ADRC speed control system and the
proposed speed control system will be carried out. It should
be noted that the speed dynamic response should remain the
same in the two speed control systems, and the value of « is
set to 1. The fourth-order IMC speed observer is employed
herein, and wyy, is set to 2w50rad/s. w, is all set to 27w300rad /s.
When K% = 4%(1, (x € (0, 1)), the speed dynamic response has
overshoot in the both speed control systems, which is shown
in Fig. 15. It can be found that the smaller amplitude of the
speed overshoot is in the proposed speed control system. On
the contrary, Fig. 16 shows the speed dynamic response under
the speed loop parameter mismatch K% = % (x> 1). It can
be seen that the speed dynamic response becomes slower in
the two speed control systems, and there exists fluctuated speed
waveform in the ADRC speed control system. Therefore, both
test results can validate that the proposed speed control system
has better parameter robustness. An acceptable range of x in the
ADRC speed control system can achieve y € (0.1,3), while
X € (0.1,10) can be applied in the proposed speed control
system. In addition, the proposed speed control system can get
the consistent speed dynamic response, and tuning « can easily
improve the speed loop parameter uncertainty effect on the speed
control performance.

2) Rated Speed Condition: The rated speed performance of
the proposed digital speed control system is validated from
standstill to rated speed condition. w., wspd, and wep are set to
27300, 27100, and 2750rad /s, respectively. The load torque is
setfromOto 1 N-mat —5.2s. Fig. 17 shows the measured speed,
measured dg-axis currents, measured one-phase current, and
estimated external load torque disturbances from the proposed
speed observer. It can be seen that the speed is able to track the
reference speed without overshoot from the standstill to rated
speed condition. Furthermore, when the external load torque
is suddenly added in the system, the control system is able to
reject the external disturbance, which can effectively validate
the correctness of the proposed digital speed control system.

3) Current Loop Decoupling Ability: Employing the fourth-
order speed observer in this section, the comparison of current
loop decoupling ability speed performance of three methods can
be shown in Fig. 18. In this test, wspq of the ADRC, PI-type, and
proposed speed controllers is, respectively, set to 2w40rad/s,
about 0.5 times 2740rad /s, and 1.554 times 27w40rad/s to keep
the approximately same value of the cutoff frequency of the
speed closed-loop system. w. and wop, are, respectively, set to
27100 and 2750rad /s, and the speed rises from 1000 r/min to
rated speed. It can be seen that the minimum speed overshoot
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and shortest speed setting time is the proposed speed controller.
Therefore, it can be validated that the current loop bandwidth
can deteriorate the PI and ADRC speed controller performance,
while the proposed speed controller can decouple the current
loop effect on the overall speed control system.

4) Speed Controller Computation Time: Based on the system
clock (200 MHz) of the TMS320F28377 digital signal processor,
the calculation burden can be easily evaluated. The computation
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Fig. 15.  Speed dynamic response comparison of ADRC and proposed speed
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Fig. 16.  Speed dynamic response comparison of ADRC and proposed speed
controllers under parameter mismatch == = }g .

t

time of the PI-type, ADRC, and proposed speed controllers is
1.3,0.7, and 3.7 ps, respectively.

5) Overall Speed Performance Comparison: Finally, the
overall performance comparison of the three speed control sys-
tems is carried out. The ADRC speed control system (System1)
includes the P-type speed controller, the PI-type current con-
troller, and the third-order speed observer, which can estimate
the speed and disturbances at the same time [8], [34]. The
PI-type speed control system (System2) includes the conven-
tional PI-type speed controller, the PI-type current controller,
and the third-order speed observer [8], [34]. The proposed digital
speed control system (proposed system) includes the proposed
speed controller with an active damping structure considering
the current loop model, the PI-type current controller, and the
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TABLE I
OVERALL PERFORMANCE OF THREE SPEED CONTROL SYSTEMS

Speed Control Dynamic  Disturbance ~ Measurement Noise ~ Parameter System
System Types Response  Rejection Suppression Robustness ~ Complexity
System] [8], [34]  Best Bad Good Good Lowest
System?2 [8], [34] Bad Good Good Bad Low
Proposed System Best Best Best Best Medium

proposed fourth-order IMC speed observer. The overall per-
formance evaluation comparison considering the current loop
model is listed in Table II.

V. CONCLUSION

Based on linear control theory, a digital speed control system
for PMSMs is designed theoretically. It mainly includes three
parts: the proposed speed controller with active damping consid-
ering a current loop model, the proposed IMC speed observer,
and the current controller.

From the experimental results, it can be seen that the correct-
ness of the proposed speed control system analysis is able to be
verified. In terms of the measurement speed part, the proposed
IMC speed observer can unify other types of speed observers.
The third- and fourth-order IMC speed observers have been

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 37, NO. 7, JULY 2022

compared to testify that higher order IMC speed observers have
better quantization noise suppression, but the stability will be
gradually reduced. In the proposed speed controller, the distur-
bance rejection, measurement noise suppression, and dynamic
response is improved compared with other speed controllers.
Moreover, the current loop bandwidth can be decoupled by the
proposed structure. Finally, based on the designed two parts,
i.e., the proposed speed controller and observer, the proposed
digital speed control system has better speed loop parameter
robustness though the complexity is relatively higher compared
with the ADRC and PI-type speed control systems. Based on the
speed dynamic response performance, the robust coefficient «
can be easily tuned to improve speed loop parameter uncertainty
because of the speed performance consistency between the
proposed speed controller and observer.

The future perspective for this article is shown as follows.
The trapezoidal reference speed tracking can be achieved by
adding a simple feedforward term. The prefiltering structure
can also be added to decouple the speed closed-loop sensitivity
and complementary sensitivity transfer functions. Moreover,
a two-DOF speed controller can be directly achieved in the
proposed structure by employing a DOB or a speed observer in
the speed loop feedforward path. Overall, the proposed digital
speed control system can be effectively used in the servo drive
systems and other high-performance industrial applications.

APPENDIX A
DESIGN OF FOURTH-ORDER SPEED OBSERVER COEFFICIENTS

ay = Thold +4T3w3 + 6T2w2 + AT,wep + 1

ay = Tk + 8T3w3 + 18T2w?2, + 16T wep + 5
ag = —AT3w3 — 18T?w?2, — 24T swe, — 10

as = 6T2ws + 16Tswep + 10, a5 = —4Tswop — 5
by = 4Twwep + 1, by = —4(3Tswep + 1)

by = 6(2Tswob + 1), by = —4(T5w0b + 1) 24)
APPENDIX B
DERIVATION OF THE PREDICTED LOAD-TORQUE DISTURBANCE
TRANSFER FUNCTION %EZ; OF (6)

Without considering .J and K; parameter mismatch, substi-

tuting (3) ipto (4), the predicted load-torque disturbance transfer

function % Ei;

derived as

of the instantaneous speed observer [8] can be

eg(s) = On(s) — O ()
—Ti(s)+T;(s)—Kpeg(s)—sKaeg(s)
Js2

(25)

eg(s) =

Substituting eg(s) = 752(5) of (4) into (25), (25) can be
rearranged as '
Ti(s)(K; + Kps + Kqs?) — Ti(s)K;  —Js*Tj
KiJ K
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Ti(s)(Ts® + K; + Kps + Kq5%) — Ti(s)K;
K;J

=0. (20)

Based on K, = 3w} J, K; = w3 J, and K4 = 3w/, the

predicted load-torque disturbance transfer function

T (s
T;Eg of (6)

can be presented as follows:
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