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SPMSM Adaptive Control With Guaranteed
Dynamic Response Under Parameter Mismatch

, Yao Sun
Feng Zhou

Jiong Li

Abstract—The dynamic performance of the surface-mounted
permanent magnet synchronous motors (SPMSM) will be affected
by the moment of inertia mismatch. To guarantee the desired dy-
namic response of the motors under parameter mismatch, we pro-
pose an adaptive speed controller characterized by the invariable
closed-loop pole. Due to the adaptive laws in the speed controller
being designed to satisfy the persistent excitation condition, the
closed-loop poles of the SPMSM control system do not change with
the parameter drift. In addition, an adaptive current controller is
designed following the immersion and invariance technique, which
is able to guarantee that the estimation error of the stator resistance
and magnet flux linkage are globally convergent. Finally, the pro-
posed control scheme is verified by simulation and experimental
results.

Index Terms—Adaptive control, cascade control, model
reference adaptive control (MRAC), surface-mounted permanent
magnet synchronous motor (SPMSM).

1. INTRODUCTION

control capabilities, permanent magnet synchronous
motors (PMSM) have been widely used in industrial manufactur-
ing fields, such as electric vehicles, elevators, numerical control
machine tools, and so on [1], [2], [3]. However, the PMSM
system is a nonlinear system with many parameter uncertainties
and unknown perturbations [4], which brings great challenges
to the controller design.
In order to overcome the abovementioned challenges, many
control schemes for PMSM have been deeply studied, such as
direct torque control (DTC) and field-oriented control (FOC).
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Compared with DTC, the FOC is widely used in PMSM systems
due to its lower current harmonic and torque ripple [5]. The dual
loop PI controller with a cascaded control structure is one of
the most common controllers in FOC control, which is simple
in design and easy to implement [6]. However, the conventional
PI controller is sensitive to the uncertainty of the system, which
means the satisfactory control performance cannot be obtained
under a wide range of parameter uncertainties and load distur-
bances.

To achieve faster dynamic response and robustness against
parameter uncertainties, many nonlinear control schemes have
been proposed for PMSM systems. The sliding mode control
has been widely used because it could theoretically ensure
robustness under specific premises [7], [8], [9]. Robustness
is obtained, but discontinuous control laws bring unnecessary
chatting to the system, which reduces the control performance
of the system. The high-order sliding mode control schemes for
PMSM control systems have been designed in [10] and [11] to
reduce chattering. However, the robustness of the controller is
guaranteed by the upper and lower bounds of the parameters,
which leads to the conservative design of the system and unnec-
essary performance loss. Combining the disturbance observer
(DOB) with other control schemes is another option for PMSM
speed controllers [12], [13], [14]. As the disturbance includes the
state of the system, there is no guarantee that the estimation error
of the DOB will always converge to zero. Fuzzy logic control
considers the uncertainty of system parameters, and with the
increase in the number of fuzzy rules, the control performance
will become better and better [15], [16], [17]. However, the
scheme requires a lot of online computational, which brings
a heavy computational burden to the controller.

In addition, adaptive control is one of the most effective meth-
ods to solve parameter uncertainty and external disturbances.
Several adaptive controllers were proposed for different design
objectives, such as adaptive fuzzy control [18], [19], adaptive
compensation feedback control [20], [21], [22], adaptive back-
stepping control [23], [24], [25], and model reference adaptive
control (MRAC) [26], [27], [28], [29], [30]. The adaptive speed
controller proposed in [21] considers parametric uncertainties.
However, the controller requires the information of acceleration
speed, which is difficult to obtain. Li and Liu [22] combined
adaptive control with an extended state observer to solve the
problem of disturbance uncertainty. A backstepping adaptive
control is proposed in [23], but the controller requires true values
of inductance and flux. Using a coordinate transformation, Kim
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et al. [24] proposed an adaptive control that does not require the
information of parameters. However, the steady-state error of
the speed is only guaranteed to be bounded and the convergence
is not obtained. An integral type MRAC speed controller is
proposed in [26] to solve the problem of uncertain parameters,
which consists of an adaptive compensating control term and
a stabilizing feedback control term. It can be found that there
are some feasible methods for the control problem of param-
eter uncertainty in PMSMs, but the abovementioned methods
cannot guarantee the adaptive terms converge to the true values,
which means the dynamic performance will deteriorate with the
parameter variations.

This article proposes a cascaded adaptive control scheme
for a surface-mounted permanent magnet synchronous motor
(SPMSM) drive, which has the following advantages.

1) The proposed adaptive speed controller characterized by
the invariable closed-loop pole can guarantee the desired
dynamic response of the motors under parameter mis-
match.

2) The stator resistance and the rotor flux linkage are es-
timated based on the immersion and invariance (I&I)
methodology, which can be used to provide overheating
protection and demagnetization protection.

The rest of this article is organized as follows. The model of
the SPMSM system and the control objectives are introduced in
Section II. In Section III, the cascaded adaptive control scheme
and the updated laws of adaptive terms are derived based on the
Lyapunov approach. Furthermore, the existence of persistent
excitation (PE) condition and the stability of the controller are
proved, respectively. Section IV presents the comparison results
of the simulation and experiment to verify the feasibility of the
control scheme. Finally, Section V concludes this article.

II. PROBLEM DESCRIPTION AND ASSUMPTION

A. Mathematical Model of SPMSM

The dynamic equations of an SPMSM in the dq rotating frame
can be expressed as follows:

w= } <3np¢fiq — Bw — TL> (1)
g = Lig(uq — Ryiqg — npwLgiq — npwiby) 2
iqg = Lis(ud — Rgiq + nprsiq) 3)
where

14,1  d-axis and g-axis stator currents.

uq, Uy d-axis and g-axis stator voltages.

L, stator inductance.

w mechanical rotor speed.

J rotor moment of inertia.

B viscous friction coefficient.

Py magnet flux linkage.

Tr load torque.

Ny number of pole pairs.

R, stator resistance.
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The control objective of this system is to design the control
inputs to ensure that the dynamic performance of the system is
not affected by parameter mismatch. The proposed controller is
based on the following two assumptions.

Assumption 1: The dynamic response of the current loop is
much faster than the rotor speed loop, i.e., they satisfy the two-
time-scale separation principle.

Assumption 2: The motor parasitic parameters of viscous
friction coefficient B, rotor moment of inertia .J, stator resistance
R, and magnet flux linkage v are considered to be unknown
and vary slowly during a short sampling time. Besides, the load
torque 77, is unknown and slowly varies in a short sampling
period.

B. Conventional MRAC Revisit
Based on Assumption 1, (1) can be rewritten as follows:
W= —aw+ biy —d 4
where i; is the g-axis current reference, which can be regarded

as a control input for (4), and @ := B/J,d =T /J,and b :=
1.5’1’Lp’¢f /J.
The speed tracking error is defined as follows:
e =w—w" ®)
where w* is the speed reference.
According to (4) and (5), the speed-tracking error dynamic
equations can be derived as follows:
€y = —aey, + biy, — aw” —d. (6)
The reference model of the conventional MRAC proposed
in [26] is chosen as follows:

wm + Amwm = 0 (7)

where w,,, is the output of the reference model and A,, > 0.
The reference model tracking error can be defined as o £
Wy, — €,,. The dynamic equations of o can be derived as follows:

0 = —AmWm + aw — biy +d
= —b (i} + 6¢7) (8)

where § = [a/b A,/b d/bland £T = [~w w,, -—1].
The speed controller can be designed as follows:

iy = ko — 8g" ©)

where x > 0 is the gain of the controller, and & denote the
adaptive terms of 4.
Substituting (9) into (8) to get the following:

& = —rbo — boET (10)

where & = & — & is the estimation error of the adaptive terms.
According to (10), the reference model tracking error dynamic
can be expressed as follows:
b ST
7T T st wb (55 ) '
It can be concluded from (11) that the closed-loop pole of
the reference model tracking error system will be closer to

(1)
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Fig. 1. Overall control block diagram of the proposed controller.

the imaginary axis as the moment of inertia increases. This
means the dynamic response of the system will deteriorate, and
the overshoot will increase. In addition, when the moment of
inertia is reduced, the pole of the transfer function (11) will be
farther away from the imaginary axis, which means the dynamic
performance of the system will be improved. However, since
most PMSM controllers are cascaded control structures that
satisfy the two-time-scale separation principle, the bandwidth
of the speed controller should be much smaller than the current
controller bandwidth. Excessive speed loop bandwidth poses a
potential risk to system stability.

III. CONTROLLER DESIGN AND STABILITY ANALYSIS

To address the abovementioned problems, a cascaded adaptive
controller characterized by parameter estimation convergence is
designed in this section. The overall control block diagram of
the proposed controller is presented in Fig. 1.

A. Adaptive Current Controller Based on 1&I Methodology

By selecting ¢4 and i, as the state variable x; and xo, re-
spectively. The equivalent form of (2) and (3) can be written as
follows:

b= dui 8 (@)~ 16 (@)

I (12)

where 2 := Bd] wi = [ud], 5(z) = [ MpWiq ]’¢($) =

q —NpWiq
[Z.d 0 ],andn:: {RS )
tqg  MNpw Yy
In order to facilitate the controller design, model (4) is
converted into the error model, turning the tracking problem
into the regulation problem. The current tracking error vector

el =[eiq eiy]is defined as follows:

k2
] =]
. 4
€iq lqg — 1 q
where ¢} and i; denote the reference values of the d-axis current
and g-axis current, respectively.

(13)
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According to (12) and (13), the current tracking error dynamic
equation can be derived as follows:
b= w8 (@)~ o (x) (14)
€; = —U; r) — — €T
L. L. 1

Proposition 1: Consider the system (14), according to the

certainty equivalence approach of adaptive control [31], the
control law can be designed as follows:

6(x)+¢(x)n

where K;.=diag[kq, k,] is the controller gain matrix to be
designed, and 17 is the adaptive term, which denotes the estimate
of Ry and vy.

According to the I&I methodology described in [32], the
update law of 7) can be designed as follows:

—Kice,,; — L (15)

U; =

77:—'75 AB ( )
_ q
p= NpWig

where v =diag[y1, 2] >0, A =diag[r1, A2] >0 are the adaptive
gains matrices, and V3 = 93/0x.

Then, the current tracking error vector e; will converge to
zero as t — oo. Besides, the estimation error 17 = 1) — 1) of the
adaptive term has asymptotically stable equilibrium points at the
origin.

Proof: According to the Assumption 2, the following func-
tion can be derived from (16):

o6 (x) .
oz *

=€+
=1¢" (@) Kice; + A" (x) & (17)

Taking (15) into (12) and (14), the current model and the
current error model can be derived as follows:

T =Ace; — f¢($) n (18)
1 -
Ace; fd’ (z)n (19)
where A, = dlag[—— —E—] is a Hurwitz matrix.

According to (19), a candidate Lyapunov function is con-
structed as follows:

1 1 40 4.
Vi = §eTez + QnTl 'q.

Taking the derivative of (20) with respect to time along the
trajectory of (19) yields the following:

elon 7' dle:
2L 2L
Substituting (17) and (18) into (21) to obtain the following:
€; ({b?? T¢)Tei 1 ~T T , ~
5L, 7.7 o]

|¢n| - chnl

(20)

Vi=elAe; — +7fa1n.

21

Vi< ) lesl” -

max(

<)‘«max< )|61,| + | 'L‘ +
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Fig. 2.

Control block diagram of the current controller.

1 2 1 2

< | Amax Ac 57 il T 571 . 22

(P80 4 51 ) sl = 5 9 @)

According to (22), Vi s negative definite as long as
Amax(Ac) < —1/(2L,) and ¢” (x)p(x) > 0. Specifically, the
current loop controller gain should meet k; > 0.5 and k;, > 0.5.
In addition, the speeds w and i, cannot be equal to zero. Us-
ing the Lyapunov’s stability theorem, it can be concluded that
tlim leig(t)| = 0 and tlim |n| = 0. O
—00 —00

To summarize, Fig. 2 shows the control block diagram of the
current controller.

B. MRAC Speed Controller Design

To ensure that the closed-loop poles of the designed speed
controller do not change with the parameter drift. The reference
model of (6) can be designed as follows:

(23)

T = —QmTm + T

where a,, > 0 and r(t) is the input of the reference model. a,,
and r(t) are chosen such that x,,, represents the desired state
response of (6).

The reference model tracking error can be defined as e,, £
Ty — €. Then, the following error dynamic model can be
derived from (6) and (23):

m = Tm — €u
(24)

= —am€m

—b(i;—k‘ew—lr—q)
where k := (a — a;,) /b, 1:=1/b,and ¢ := (aw* +d)/0.
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Proposition 2: To ensure that e,, can track x,, for any refer-
ence model input signal r(¢), the control law can be chosen as
follows:

it = ke, +1r+ 4 (25)
where I%, ) , and ¢ denote the es}hpates of k, [, and g, respectively.
The adaptive update laws of k, [, and ¢ are given as follows:

(26)

where 3 > 0, 74 > 0, and 5 > 0 are the adaptive gains for k,
[, and q, respectively.

Then, the reference model tracking error e,,, will converge to
zero as t — 00.

Proof: The estimation error of adaptive terms can be defined
as follows:

@7

Based on the Assumption 2, the following function can be
derived from (26) and (27):

(28)

Taking (25) into (24), the error model is derived as follows:

€m = —mem + bkey, + blr + bd. (29)

To verify the stability of the error model (29), a Lyapunov
function is constructed as follows:

1 b - b ~ b
Vo=—e2 + —k>4+ —1*+ —q¢*.
T2 273 274 275
Taking the derivative of (30) with respect to time along the
trajectory of (29) yields the following:

(30)

Vo= — amefn + bl?:ewem + b[rem + bgem
b ~=2 b - b .
+ —kk+ —Il+ —qq. 31
73 Y4 V5
Substitute (28) into (31) to get the following:
Vo = —ame?, <0. (32)

Equations (30) and (32) only guarantee e,, € L., but the
convergence cannot be guaranteed (i.e., e,, ¢ Lo). Integrating
both sides of (32) gives

> 2 V2(0) — V3 (o0)
/0 lem ()] 2dt < 22— 722590

Qm

(33)

Since V5 (t) > 0 and Vi (t) < 0, the following inequality can be
derived:

/OO lem (£)]2dt < oo (34)
0
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Adaptive Law oA ir
&
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-
3[X

Fig. 3. Control block diagram of the speed controller.

which means the left-hand side of (34) is bounded. Using Bar-
balat’s lemma [33], it can be concluded that tlim lem ()] = 0.
—00

|
The control block diagram of the speed controller based on
MRAC is shown in Fig. 3.

C. Persistent Excitation Condition

The PE condition is indispensable to ensure the precise es-
timation of adaptive terms. This section will investigate the
existence of PE in the proposed adaptive laws.

After adding and subtracting —a,, e,, + 7, the speed tracking
error model (6) can be rewritten as follows:

éw:—amew—l—r—&—b(i;—kew—lr—q). (35)
Substitute (25) into (35) to get the following:
by = — (am n bi%) e + (1 - bi) r—bi.  (36)

The speed tracking error dynamic of (36) can be expressed as
follows:

1o b
s+ (am + k)

s+ (am + bl%) en

€y =

H,(s) Hs(s)

where s is the differential operator.
Proposition 3: The reference model input signal 7(¢) can be
selected as follows:

r(t) = Ay sin (wit) (38)

where A1 > 0 and w; > 0.

Then, the adaptive update laws designed in (26) can guarantee
that k(t) — k, [(t) — [, and § — ¢ exponentially fast, which
means the poles of the transfer function H;(s) and Ha(s) in
(37) do not change with the parasitic parameters a, b, and d
mismatch.

Proof: According to (25), the parameter vector to be esti-
mated can be defined as 6 = (k 1 §)7, and the regression
vectoris definedas W@ = (e, r 1)T.Then, (25)can be rewrit-
ten as follows:

(39)
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Substitute (38) into (37), the expression of e, in the steady state
can be derived as follows:

e, (t) = Agsin (w1t + ) + B (40)

where As and @ are the amplitude and phase of the trigonometric
function obtained by r(t¢) after passing the transfer function
H; (s), respectively, and B € L. is obtained by q after passing
the transfer function H(s).

The expression of ¥ (¢)®7 () can be written as follows:

2
e;, ewr ey

re, T T
€w r 1

Suppose that 7' = 277 /w;. Substituting (38) and (40) into (41)
and integrating it to get the following:

T (e (t) = (41)

t+T o A7§ + B? % cosp B
[ oreor i =T s, A g
B 0 1

(42)

It can be observed that the leading principal minors of the
symmetric matrix (42) are all greater than zero, which implies
that (42) is a positive definite matrix. Therefore, there must exist
a constant op > 0 satisfying the following condition [34]:

t+T

U(r)@T (1)dr > aplsxs Yt > 0. (43)

t
Based on the above discussions, it can be concluded that the
updating laws designed in (26) satisfy the condition of PE,
which means the parameter vector to be estimated é(t) can
exponentially converge to the true values. ]

D. Controller Design

According to the above discussions, the parameters to be
designed for the proposed controller include K;c, @, 7(t),
An, and 7,,. The specific design steps and parameter selection
methods of the controller are summarized as follows.

Step 1: Select a suitable controller gain matrix K;. in (15) to
guarantee that A . in the current tracking error dynamic equation
(19) is a Hurwitz matrix.

The bandwidth of the current controller is recommended to
be less than 1/10 of the switching frequency [24]. In addition,
to guarantee the negative definiteness of Vi in (22), the matrix
A, should meet Ayax(A.) < —1/(2L4). Combined with the
current error model in (19), the value of the gain matrix K;. can
be obtained.

Step 2: Choose a positive a,, to ensure that the reference
model (23) of the speed tracking error system (6) is stable.

To guarantee the rationality of Assumption 1 in Section II,
the bandwidth of the speed controller should be much smaller
than the current controller bandwidth. Once the bandwidth of
the speed controller is determined, the values of a,, can be
determined.

Step 3: Designed an appropriate input r(¢) of the reference
model to ensure that the steady-state value of e, in (40) satisfies
the PE condition in (43).
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Inverter DC Source

Control Board

Fig. 4.

Prototype of the laboratory platform.

Step 4: Choose the positive adaptive gains ~, and A, to
guarantee that the Lyapunov function of the system is positive
definite.

Due to the presence of unmodeled dynamics in practical
systems, v, and X, cannot be too large to avoid instability.
Suitable adaptive gains are selected by trial and error [20].

IV. SIMULATION AND EXPERIMENTAL RESULTS

In this section, the effectiveness of the proposed control
scheme is verified by some simulations in Simulink of Mat-
1ab2021b and the experiments on a prototype SPMSM drive
with a TT TMS320F28335 DSP, which is shown in Fig. 4. In
the experiment, the load torque step is realized by switching the
load resistance of the load motor. To evaluate the performance
of the proposed method, the MRAC proposed in [26] and the
conventional PI controller are applied in the speed regulation
loop for comparison. For a fair comparison, the nominal closed-
loop poles of different controllers should be identical, and the
current loop of the three controllers all use the proposed adaptive
control scheme. The d-axis current reference (:};) can be setas -1,
to guarantee the negative definiteness of V4 in (22). In this way,
parameter estimation errors of R, and vy are asymptotically
stable. The parameters of the SPMSM are listed in Table I.

The controller in [26] is designed as follows:

e

in = kX — Qw — Gowm — 3 (44)
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TABLE I
PARAMETERS OF THE EXPERIMENTAL SETUP

Symbol Description Value

J Moment of inertia 0.0015 [kg:m?]
B Viscous friction coefficient 0.0002 [N-m-s/rad]
Py Rotor flux linkage 0.007235 [Wb]
np Number of pole pairs 5

Lg Stator inductances 0.1 [mH]

Rs Stator resistance 0.017 [2]

w* Speed reference 1000 [r/min]
Ve DC-link voltage 24 [V]

fs Switching frequency 10 [kHz]
Wrated Rated speed 3000 [r/min]

where x > 0 is thq ge}in of 'Ehe controller, x := Aeys + €.,
€, 1= f ewdt,and (1, (2, and (3 are the adaptive terms designed
in [26].
The conventional PI controller is designed as follows:
t
iy = Kpe, + Ki/ €, dT (45)
0
where K, and K; are the gains of the PI controller.
For a fair comparison, the poles of the speed closed-loop
system using the three controllers are identical, and the current

loop of the three controllers all use the proposed adaptive control
scheme.

A. Simulation Results

In order to evaluate the robustness and dynamic response of
the three controllers under the parameter mismatch, the simula-
tions were carried out under the following two cases.

1) Case I: Variation of moment of inertia .J,,

2) Case II: Variation of load torque 77, .

Fig. 5 shows the simulation results of the speed response
using three controllers under different moments of inertia. It
can be concluded from the results that as the moment of inertia
increases, the dynamic performance of the system both deterio-
rates under the MRAC proposed in [26] and the conventional PI
controller. Specifically, the speed overshoot under the MRAC
proposed in [26] and the conventional PI controller increased
by 6 and 8 r/min, respectively. In contrast, when the moment
of inertia is increased, the speed overshoot remains almost un-
changed under the proposed control scheme. In addition, when
the moment of inertia is reduced, the dynamic response of the
motors under the MRAC proposed in [26] and the conventional
PI controller are both improved. However, since the bandwidth
of the speed controller should be much smaller than the current
controller bandwidth, excessive speed loop bandwidth poses
a potential risk to system stability. In contrast, the dynamic
response of the motors does not increase as the moment of inertia
reduces under the proposed control scheme. The abovemen-
tioned analysis results indicate that different from the two control
schemes compared, the dynamic performance of the system is
hardly affected by the moment of inertia drift under the proposed
control scheme. This verifies the correctness of Proposition 3.
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Simulation results of three control schemes under different moment of inertia. (a) Proposed scheme. (b) MRAC in [26]. (c) Conventional PI controller.
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Fig. 6 illustrates the responses of speed under the load torque
step by using different controllers. Although all three control
strategies are able to regulate the speed return to their reference
values under the load torque step, the speed drop under the
proposed controller and the control scheme proposed in [26] are
smaller than the conventional PI controller. This is because the
two control schemes compensate for load disturbance through
adaptive terms. Specifically, the proposed control scheme has
the smallest speed drop with 13 r/min under three different
load torques. When using the MRAC proposed in [26] and
conventional PI controller, the maximum speed drop is 20 and
34 r/min, respectively. The abovementioned results indicated
that the proposed control strategy has better robustness to load
disturbances.

Fig. 7(a) shows the simulation result of demagnetization
protection. From the result, it can be concluded that the estimated
value of the rotor flux linkage can track the true value. When
the rotor flux linkage is too low, the system can detect and
enter a protected state. Fig. 7(b) shows the simulation result of
overheating protection. Since the resistance value of the stator
resistance increases with temperature, it is possible to provide
over temperature protection for the system by estimating the
stator resistance. As can be seen from the results, when the stator
resistance becomes large, the system can accurately detect and
shutdown the system for protection.

Based on the above discussion, it can be concluded that
the proposed control scheme is insensitive to changes in
model parameters and has suppression capability for exter-
nal disturbances. The dynamic response of the proposed con-
trol scheme is better than other controllers under parameter
mismatch. Besides, the estimated stator resistance and rotor
flux linkage can provide monitoring and protection for the
system.
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Simulation results of three control schemes under the load torque step. (a) Proposed scheme. (b) MRAC in [26]. (c) Conventional PI controller.
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B. Experimental Results

Fig. 8 shows the experimental result of the motor startup. From
the result, it can be observed that all three control schemes can
regulate the speed to the reference value. The proposed control
scheme has a fast speed response with a settling time of 32 ms and
an overshoot of 2.4%, the settling time of the MRAC proposed
in [26] is 52 ms and the overshoot is 4.3%, and the conventional
PI controller has a settling time of 112 ms and an overshoot
of 7.3% . Based on the above discussion, it can be concluded
that the proposed control scheme has a better dynamic response
compared with the other two control schemes.
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Fig. 9 shows the experimental result of the three control
schemes under the speed reference changes from 800 to 1000
r/min and back to 800 r/min. The result shows that all three
control schemes can ensure that the speed can eventually track
up the reference under the speed reference change. The MRAC
proposed in [26] has an overshoot of 2.9%, and the settling
time is 41 ms. With the conventional PI controller, the speed
overshoot is 4.5% and the regulation time is 102 ms. In contrast,
the proposed control scheme has the minimum overshoot and
the shortest regulation time. The abovementioned results depict
that the proposed control scheme exhibits better dynamic per-
formance among the three controllers under the speed reference
steps.

Fig. 10 illustrates the experimental result of the three control
schemes at the load torque step. It can be observed that all control
schemes are able to adjust the motor speed to the reference value
after a sudden change in load torque. The speed response of the
proposed control scheme shows the minimal speed drop with 30
r/min and the shortest settling time of 31 ms. When the speed
loop uses the MRAC proposed in [26], the speed drop is 56 r/min
and the settling time is 66 ms. Under the conventional PI control
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Fig. 10. Experimental result of the load torque step under three different

control schemes. (a) Speed response. (b) g-axis currents. (c) Speed steady-state
waveform.

scheme, the speed drop is 88 r/min, and the settling time is the
longest among the three control schemes. The abovementioned
results show that among the three control schemes, the proposed
control scheme has stronger robustness to load torque changes
and the fastest speed response recovery.

In addition, Fig. 10(c) presents the steady-state waveforms of
the speed under three control schemes. The result shows that the
maximum steady-state speed error under the proposed control
scheme is 6 r/min. However, the maximum steady-state speed
errors under the MRAC proposed in [26] and the conventional
PI controller are 3 and 3.6 r/min, respectively. The reason for
this phenomenon is that the reference model input signal r(¢)
of the proposed control scheme is selected as the sinusoidal
signal shown in (38), which results in the steady-state value
of the speed tracking error is not zero. Although the nonzero
reference model input signal increases the steady-state error
of the system, the sinusoidal input signal can ensure that the
adaptive terms estimation error is asymptotically stable. This
character guarantees the desired dynamic performance of the
system under parameter mismatch. Fig. 11 depicts the responses
of the A-phase stator current when the load torque step.

Fig. 12 depicts the experimental results of speed reversal,
in which the three control schemes are able to regulate the
speed to its desired speed even under the speed reference is
changed from 250 to —250 r/min. However, among the three
control schemes, the conventional PI controller has the largest
speed drop with 60 r/min and the longest settling time with
108 ms. Specifically, the speed drop of the MRAC proposed
in [26] is 36 r/min and the settling time is 45 ms. Under the
proposed control scheme, the speed drop is 19 r/min and the
settling time is 24 ms. Based on the abovementioned analyses,
it can be concluded that the proposed control scheme has better
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TABLE II
QUALITATIVELY COMPARISONS UNDER DIFFERENT CONTROLLERS

Speed
Comparative items ;\/Ita(;tﬁr command Loadstéorque rsszfa]
P changes P ¢
Maximum () 24 9 30 19
speed (i) 43 29 56 36
error (/min) (i3 73 45 88 60
Overshoot/ i) 24 0.9 3 1.9
Undershoot (i) 43 2.9 5.6 3.6
(%) Gi) 73 45 8.8 6
Seut (i 32 13 31 24
ettling .

time (m) (@) 52 41 66 45
Gii)y 112 102 248 108

(i) Proposed Scheme. (ii) MRAC in [26]. (iii) Conventional PI controller.

dynamic performance among the three controllers under the
speed reversal. The experimental comparison results of the three
control schemes are summarized in Table II.

To verify the superiority of the proposed adaptive current
controller, Fig. 13 shows the experimental results of the d-axis
current step under different control strategies. It can be observed
that both control schemes are able to regulate the current to their
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in the current controller. (b) Adaptive terms in the speed controller.

references. However, the proposed adaptive current controller
has a shorter settling time than the controller proposed in [26].
Specifically, the settling time of the controller proposed in [26] is
5.4 ms when the d-axis current step from —1 to —5A. In contrast,
the settling time of the proposed adaptive current controller
is only 2.6 ms. The results indicate that the proposed control
strategy has better dynamic performance compared with the
controller proposed in [26].

Fig. 14(a) and (b) depicts the estimation results of adaptive
terms in the current controller and speed controller, respectively.
The results show that all the adaptive terms can converge to
the actual value eventually, which verifies the correctness of
Propositions 1 and 3. The estimation of stator resistance and
rotor flux linkage in the current loop can be used for providing
detection and protection for the system, which improves the
reliability of the system. The accurate estimation of the adaptive
terms in the speed controller can ensure that the closed-loop
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poles of the system do not change with parameter drift. This
character guarantees the desired dynamic performance of the
system under parameter mismatch.

V. CONCLUSION

In this article, a cascaded adaptive control scheme is proposed
for SPMSM, which guarantees the robustness of the system
against unknown parameters and external disturbances. The
adaptive current controller is designed by following the immer-
sion and invariance techniques to ensure the estimation error
of the stator resistance and magnet flux linkage are globally
convergent, which can be used for overheating protection and
demagnetization protection. In addition, an MRAC-based speed
controller is designed to guarantee the precise estimation of
adaptive terms. It not only makes the system robust to SPMSM
parameter uncertainties and external perturbations, but also
guarantees the dynamic performance of the system under the
parameter mismatch. The proposed control scheme, the MRAC
proposed in [26], and the conventional PI controller are com-
pared by simulations and experiments. The results show that the
proposed control scheme among the three control schemes can
achieve a faster dynamic response and stronger robustness under
parameter uncertainties and external disturbances.
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