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Multigain Online Autotuning Technique-Based
Discrete-Time Current Regulator for Permanent
Magnet Synchronous Motors

Weiqiu Zhang ¥, Zhuoran Zhang

Xiangpei Gu

Abstract—In this article, a multigain online autotuning
technique-based discrete-time current regulator for permanent
magnet synchronous motors is proposed. With the nominal current
regulator in the proposed control scheme, the performance and
robustness of the current control system are improved. Then, a
multigain online autotuning method is proposed to further suppress
the adverse effects of parametric uncertainties. In the proposed ap-
proach, the voltage vectors of the current regulator are mapped to
an extended synchronous reference frame, based on which an adap-
tive observer is constructed without approximation to autotune the
gains of the current regulator online. Compared with traditional
recursive least-squares methods, the proposed autotuning method
can be implemented with greatly reduced computational burden.
The proposed current control method is designed directly in the
discrete-time domain, which guarantees the control performance in
digital implementations. In addition, the proposed current control
method can be applied to both the interior and surface-mounted
permanent magnet synchronous motors. Finally, theoretical anal-
ysis and comparative experiments verify the effectiveness of the
proposed method.

Index Terms—Adaptive observer, current regulator, discrete-
time domain, online autotuning technique, permanent magnet
synchronous motor (PMSM).

NOMENCLATURE
Ug, Ug dg-axis voltages.
14, g dg-axis currents.

Taref, gt Reference of dg-axis currents.
RS 9y BS
Lq, Ly

Stator resistor and its estimation.
d-axis stator inductance and its estimation.
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I. INTRODUCTION

HE permanent magnet synchronous motors (PMSMs) are
T used in aircraft electric propulsion, locomotive traction,
and ship propulsion due to their high efficiency, power density,
and torque density [1]. In these applications, the current control
performance of the motors is critical. The modern control meth-
ods are usually implemented in digital processors, so the current
regulator designed in the discrete-time domain can guarantee its
performance in the digital implementation [2].

The discrete-time current regulators can be divided into two
categories: proportional (P) control and proportional-integral
(PD) control. In terms of the P control method, the typical method
is the model-based method, such as the deadbeat [3], [4] and
continuous-control-set model-predictive current regulator [5],
while model-based current regulators are relatively more sen-
sible to motor electrical parameters. The PI control method is
a good alternative. In [6] and [7], the current regulator based
on discrete-time pole-placement design is proposed. A novel
structure for the digital internal model current controller is
proposed in [8]. The improved effectiveness of these methods
compared with continuous-time domain-designed methods is
verified by experiments, while they are relatively complicated
due to a complicated matrix exponential e~ [9]. Then, in
order to reduce complexity, the complex vector principle is
introduced. The discrete-time complex vector PI current regu-
lator for surface-mounted permanent magnet synchronous mo-
tors (SPMSMs) that also demonstrates improved response is
proposed in [2]. The digital complex vector current regulator
is expanded to interior permanent magnet synchronous motors
(IPMSMs) through a flux model [9], [10].

However, motors in some applications are required for high
speed, high power, and high power density. These motors are
usually designed with more poles, higher tip speed, fewer series
turns per phase, and even no iron core, which leads to very
low resistance and inductance parameters. In [11], the design of
a motor for electrical propulsion aviation is demonstrated. Its
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resistance and inductance parameters are 16 m{2 and 9.25 pH,
respectively. The resistance and inductance of a high-speed
motor investigated in [3], which can be used in robot joints,
industrial servo motors, and actuators, are only 45 m{2 and
24 1H, respectively. For these motors, the small parameter errors
can still significantly deteriorate the response of the current
regulator [12], even though the discrete-time current regulator
provides higher robustness. The parameter identification method
and the self-commissioning technique, which have been widely
investigated to improve the performance of the motor drive
system, are effective countermeasures [13], [14]. First of all,
the direct calculation method like the method used in [4] is not
considered, because this method makes the identified parameter
greatly sensible to the disturbances like the sampling noise,
which is also illustrated in [3]. Then, there are three main
types of online estimation methods. The first method is the
Al-based methods [15], [16]. However, these algorithms need
to be executed on highly efficient hardware.

The second method is the numerical method, in which the
recursive least-squares (RSL) method is widely studied. In [5]
and [17], the RSL-based methods are used to estimate the resis-
tance, inductance, torque, or flux linkage. While as illustrated
in [3], RSL brings a heavy computing burden, the convergence in
some applications cannot be guaranteed, and the RLS-associated
methods may be difficult to be applied to the fully discretized
model.

Finally, some observers, which can be implemented more
simply, are utilized. In [18], [19], and [20], the sliding-mode
observer is used to deal with inverter nonlinearity and system
uncertainty, while the sliding-mode observer may lead to severe
chattering and even instability [18]. In [21], [22], [23], and [24],
the disturbance observer is utilized to suppress the external
disturbance and uncertainty in the servo and drive systems,
whereas it is difficult to extract the individual parameters from
lumped disturbances [14]. Then, in [25] and [26], the adaptive
observer is used to estimate the back electromotive force, speed,
and position of motors in the sensorless motor drive. It is clear
that the adaptive-observer-based methods have the disadvantage
of complicated design processes [14]. However, compared with
the disturbance observer, the adaptive observer can flexibly
select the parameters that need to be adjusted by the adaptive
law. The computational efficiency is greatly improved compared
with RSL. Therefore, the adaptive observer becomes the choice
of this article.

In this article, in order to reduce the complexity of the reg-
ulator, the complex vector principle is utilized, and a fully dis-
cretized double-vector model for the PMSM is derived instead of
the flux model and the conventional complex vector model. This
model retains the advantages of the conventional complex vector
model, which is more accurate than the flux model and simpler
than the state-space model. Meanwhile, it can be applied to both
IPMSM and SPMSM like the flux model. Based on the model, a
nominal discrete-time current regulator is developed. Its better
regulation performance and higher robustness are verified by
theoretical analysis and comparative experiments. However, the
analysis and experiments indicate that small parameter errors
still significantly deteriorate the current response when the

resistance and the inductance parameters of the motors are
low. Then, a multigain online autotuning method is proposed.
In the proposed autotuning method, the adaptive observer is
established in an extended synchronous reference frame. It has
a clearer and more direct relationship between the observation
errors and gains. To be more specific, an observed state quantity
is associated with only one gain to be estimated. This is beneficial
to simplifying the design approach and makes the approximation
methods like Taylor expansion utilized in [3] not used. Mean-
while, compared with the extensively used RLS-based methods,
the proposed method is based on the fully discretized model,
and the computational burden is greatly reduced. Finally, the
multigain online autotuning technique-based discrete-time cur-
rent control scheme is constructed for PMSMs, and experiments
are carried out to validate its effectiveness.

The rest of this article is organized as follows. In Section II,
the discrete-time model is developed, and the useful lemmas
are given. In Section III, the design approaches of the nominal
current regulator are presented, and its robustness is analyzed.
Then, the multigain online autotuning technique is motivated. In
Section IV, the validation experiments are conducted. Finally,
Section V concludes this article.

II. PRELIMINARIES

In this section, the fully discretized double-vector model of
the PMSM is developed. The useful lemmas are reviewed.

A. Discrete-Time Model of the PMSM

In the synchronous reference frame, the model of the PMSM
in the continuous-time domain is given as

ug = Ryiq+ Lg%t — w.Lyi, (1)
g = Ryiq + Lo 4w, Laiq + wepy- )

Based on the complex vector principle, models (1) and (2) can
be rewritten with two voltage vectors and two current vectors to
derive the double-vector model as

Uy = (Rs + jweLa)tva + La%5 dz”d 3)

Uyg = (Rs + jweLq)ivq + Lq% + jwe(pf 4

where Uyd, Uyg, tvd = tq + 70 and i, = 0+ ji, are the
dg-axis voltage vectors and current vectors, respectively. Then,
using the discretization method in [2], the models (3) and (4)
can be discretized as

iva(k +1) = ereTs 'Lvd( )
+ 1Re€JWET; (uzjdw(fﬂl) vd(kﬁ)) )
Gug(k +1) = m%q(k’)

Re -
et (20D~ Bug(k) 6
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U H,(state: x(t)) Vi
_ Strictly positive real
H,
2 passive Up

Fig. 1. Feedback connection in Lemma 2.1.

where
Ts
Eya(k) = — %/0 (sinw,(k)t) dt
= — F (1~ coswe(k)T) (7)
Ts
Eoq(k) = j2=02r /0 (coswe(k)t) dt
= jHL sinw, (k)T 8)

are the integral average of the back electromotive force.
Based on (5) and (6), the model of the PMSM in the discrete-
time frequency domain is derived as

i d(z) 1 1
G = = . - — 9
wa(?) Upd(2)  2KgexI@eTs — kap  zedweTs ®
tuq(2) 1 1
G = = - - — 10
vq(Z) uvq(z) quemejwﬁTs - kqbl zedweTs (10)
with
R B s
kiew = —f—, kan =€ 4 "Kdea (1
l1—e Ld
R, =T
kqe:z: - “Rsqp kqbl =e - kqez (12)
1—e a

B. Useful Theorem and Lemma

In order to design the multigain autotuning method from the
stability analysis, the following lemmas are utilized.

Lemma 2.1 (Asymptotic hyperstability [27]): Consider the
feedback connection of a linear time-invariant block H; (state:
x(t)), which is characterized by a strictly positive real transfer
function (see Fig. 1), with a block Hs characterized by

t1

n(0,t1) > Zyg(t)uz(t) > 3,70 < oo Vi >0. (13)

=0
Then,
tliﬁlgm(ﬂ =0; tlirgloul (t) = tlinolcyl (t)=0 Vvz(0). (14

Definition 2.2 [28]: Let H(z) be a square real rational trans-
fer matrix in z. H(z) is said to be strictly positive realness if it
is analytic in |z| > 1 and

H(e) +H (e77%) >0

v € [0,2n]. (15)
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Fig.2. Diagram of the proposed current control system.
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Fig. 3. Diagram of the g-axis current control system.

III. DISCRETE-TIME CURRENT REGULATOR BASED ON THE
MULTIGAIN ONLINE AUTOTUNING TECHNIQUE

In this section, the analysis and design approaches of the
proposed discrete-time current control method, as shown in
Fig. 2, are presented.

A. Approaches of Nominal Current Regulator Design

Based on (9) and (10), the principle of pole-zero cancellation
and internal model, the nominal discrete complex vector current
regulator with the bandwidth factor Kjy,,, which is called CR1,
is designed as

Ko (Faea @™ = 2 kan)
Gith(z) = mlbaest s Rt g
v wa 7{3\ ewejweTS - Z_li{:\ bl iw
aun(z) = Mol T bt 17)

where %dez, @dbl, %qex, and @qbl are the estimations of kg,
Eapi, kqeqa»> and kg, respectively. The current closed-loop control
system of the g-axis is shown in Fig. 3, where 2y gret = 0 + j7grer
and ey,q = Tugret — Tuq are the current reference vector and the
error vector, respectively. The control system structure of d-axis
with the reference vector ¢4aref = taret + J0 and the error vector
€vd = Tydref — Lod 1S the same as that of the g-axis.

In the absence of parameter errors, the open-loop pulse trans-
fer function is derived as

K

Grlop(2) = GHL(2)Gua(x) = 57— (8)
v v K W

GY, (2) = G2 (2)Gog(2) = z2b— . (19)

Then, the parameter Ky, is tuned as 0.35 to make the perfor-
mance of (18) and (19) meet the metrics as follows:
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TABLE I
PARAMETERS OF THE CONTROL PLANT

Symbol Parameter Value
In Rated current 150 A
nN Rated rotating speed 3000 r/min
np Poles 20
pr Flux linkage 0.15 mWb
Rs Stator resistance (FEA) 2 mQ)
Lg D-axis stator inductance (FEA) 8 nH
Ly Q-axis Stator inductance (FEA) 8 uH
Uge DC-link voltage 100 V
fs Switching frequency of the inverter 30 kHz

1) gain margin (GM): GM > 6 dB;

2) phase margin (PM): 30° < PM < 60°;
3) modulus margin (MM): MM > —6 dB;
4) delay margin (DM): DM > T5.

B. Influence of the Parameter Errors

The theoretical analysis and experimental comparison in [9]
has shown that the current regulator in [9] is more advanced
than some other regulators. Therefore, CR1 is compared with
the regulator in [9], which is represented by CR2. The adverse
effects of parameter errors are analyzed. The parameters of the
motor analyzed are shown in Table 1.

From [9], the transformer function of CR2 is given as

we)

; —Bs
i (€7 To — z~1e Lo ") (L

_Rs
(eweTs — ¢ a ") (1 = 271)

Geo(2) = G k1 (20)

with kpy = 0.35 and
G, = diag (Zd, Zq) 1)

k1=

sin(weTS )ej1.5weT§

weTs @2)

The analysis of the robustness to the parameter errors is based
on the following open-loop transfer functions:

Gopert (2) = Goa(2) G (2) (23)
Gipm(z>: ¢(2)Go(2) (24)
Gipcr?(z) = 1)d( ) ('7"2( ) (25)
GYa(2) = Cuy(2)Cers(2) (26)

1+ k1 RoGlog(z) (Eafia — 1)

Fig. 4 shows the range of estimated parameters used in CR1 and
CR2 that can stabilize the current control system. The estimated
parameters in the area shown in Fig. 4(a) can stabilize Gopc’r‘l (2)
and G .., (2). The parameters in the area shown in Fig. 4(b)
can stabilize G%,.,.5(z) and GY ., (2). The wider range of CR1
indicates the higher robustness of CR1.

Then, to more intuitively reflect the adverse effects of pa-
rameter errors, the simulation is carried out with the cases as
follows under the condition of n = 3000 r/min and stepping
gret = 150 A. The motor parameters are set according to Table I.

~ 16
8 Ly(uH)

Fig.4. Range of the parameter estimations that can stabilize the current control
system with different regulators: (a) CR1 and (b) CR2.

200
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Fig. 5. Performance of CR1 with cases 1 and 2.
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Fig. 6. Development process of dt 4 in the g-axis current control system.

1) Case 1: Ry = Ry, Lq = Lg, and L, = L,. The dg-axis
currents are recorded as 449 and 749.

2) Case2: R, = 0.5R,, Lq = 1.5Lg, and L, = 1.5L,. The
dg-axis currents are recorded as ¢4 and 4.

The resistance and inductance parameter errors in case 2 are
only 1 m2, 4 ©H, and 4 pH, respectively. According to the
simulation results shown in Fig. 5, it is clear that the overshoot
of 7, increases by 34.6 A, and the dg-axis current oscillations
are aggravated.

In conclusion, even though the regulator CR1 is relatively
more robust, the small parameter errors still have a significant
deterioration effect on the current control system of the motors
with small resistance and inductance parameters.

C. Adaptive-Observer-Based Multigain Online Autotuning
Technique

As shown in Fig. 6, the g-axis is extended to the gex-axis
and the gbl-axis. The voltage vector du,q is decomposed into
components on the gex-axis and the gbl-axis. Blocks 1 and 2
illustrate the development process from the error vector e,4 to
the voltage vector du,q. Blocks 3 and 4 illustrate the develop-
ment process from the current vector 4,4 to the voltage vector
du,q. The process of the d-axisis the same as that of the g-axis.



264

Then, the two composition methods of du,g or duy,g in
blocks 2 and 3 indicate the following equation:
U(z) = K(2)I(2) 27
with
Kiwkaerz2ea(2) |
3
U(z) = wa]fdbﬂf ed(2) 28)
Kinkgea? 2eq(2)
wakqblz eq(z) ]
(1 -2 Yia(2)
| G i)
(271 =27 %)ig(2) |
K= diag(kdea:; kdbla kqewa kqbl)- (30)
Then, the gain-adaptive observer is designed as
U(z) = K(2)I(2) @31

where K(z) = £]U(z),I(z)] is the adaptive gain matrix
tuned by the adaptive law £[U(2),I(z)], U(z) = KI(2) is
the observed voltage vector, and U(2) = [taes (2), Tan (2),
Ugex (2), Ugni (2)]T = U(z) — ﬁ(z) is the error voltage vector.
The adaptive law £][U(z),1(z)] can be designed as follows.
Step 1: The nonlinear negative feedback system shown in
Fig. 1 is established as

=U(2),y2 = —u1 = V(2)
(J—z"'A)"!

Y1 = Us = H,U(z) (32)

Hi = Gpu(z) = (33)

where A = diag(Qes, Cabl, Qgex, Aqpr) and J is the identity
matrix. [y is designed in step 3.

Step 2: The coefficient matrix A is determined to make the
forward path strictly positive real. According to definition 2.2,
applying the lemma to Gyyq(2) yields the following inequality:

Giwa(e'?) + Gpya(—€??)

1-a? 1-a?
dex dbl
. L+ 1-2ageqs cos 0+aiﬁz ’ 1+ 1—2agp; cos 0+o¢dbl
= diag 1-a2 1-a?
qgex 1 + gbl
1—2ageq cos 0+a3w ’ 1—2aqp; cos 9+O‘qbl
> 0. (34)

Then, the range of the parameters cvgey, gprs e, aNd agp; in
the gain matrix is solved as

Qdes Qdbl, Cgex Aght € (0,1). (35

Step 3: According to Lemma 2.1, the adaptive law is designed
by solving the following inequality:

k1
n(0,k1) =Y (=VT(E)U(K) > —13,75 < o0 Vk1 > 0.
k=0
(36)
Then, (36) can be expanded into four functions as
ndeac 0 kl Z xdew kdex - kdem) 37
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navi (0, k1) = Z zap (k) (kapt — ki) (38)
nqem 0 kl quez qez - kqem) (39)
Ngv1 (0, k1) = Z Tgpi (K qbl — kqui) (40)
with
xdez(k) - adem(k)(zd(k) - Zd(k - 1))
- ademﬂdw(ki)(id(ki — 1) — ’id(k — 2)) 41
Tap (k) = Uap (k) (ia(k — 1) —iq(k —2))
— apUap (k) (ig(k — 2) —iq(k — 3)) (42)
xqex(k) = aqeatr(k)(iq(k) - Z'q(k - 1))
— Qgealiger (F)(ig(k — 1) —ig(k —2))  (43)
zqpi(k) = Ugui(k)(ig(k — 1) — iq(k — 2))
— aqbluqbl(k)( (k - 2) - lq(k 3)) (44)
Finally, the adaptive law is designed as
I%dew - Z adewxdex + bdea:xde;ﬂ(k) + kdewO (45)
k
keapt = Z agpi®apl (1) + bavizavi (k) + Kavio (46)
1=0
];'qez = Z Agex T gex (Z) + bqewajqex(k) + kqexO (47)
keqpi = Z gt Zabi (1) + DgpiTqpi (k) + Kqbio (48)
with
Qdex s Adbly Agexr Qgbl >0 (49)
bdew > — O-5adex (50)
bgex > — 0.504es (51)
bapi > — 0.5aqm (52)
bqbl > — O.5aqbl. (53)
Then, (36) holds as
Ndex (07 k’l) (kdezo+kdez) (54)
77dbl(07 k’l) (kdbl0+kdb1)2 (55)
Maea (0, k) > — Wassbhuse) (56)
Nt (0, k1) > — M (57)
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Fig. 7. Diagram of the g-axis current control system supported by the multi-

gain online autotuning technique.
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Fig. 8. Schematic diagram of the experimental platform.

Step 4: As shown in Fig. 7, a multigain online autotuning
technique-based discrete-time current control scheme of the ¢-
axis is constructed, which is represented as CR3. The control
system of the d-axis is the same as that of the g-axis. In order
to autotune the gains simultaneously and continuously, a high-
frequency square signal is injected.

IV. EXPERIMENTAL RESULTS

In this section, the experiments are carried out to verify the
effectiveness of the proposed scheme. The motor drive platform
is shown in Fig. 8. The parameters of the tested PMSM are
shown in Table I. The digital processor is TMS320F28335.
The program is saved in the flash of TMS320F28335, while
it is executed in RAM by placing the control algorithm in
the section “ramfuncs,” based on which the execution time
of different control methods is compared. The inverter adopts
a three-phase two-level topology. During the experiment, the
tested motor runs in the current control mode. The drive mo-
tor connected to the tested motor runs in the speed control
mode and maintains the constant speed of the tested motor. In
experiments, overshoot and ripple of i,, as well as deviation
extremum relative to 0 A and ripple of 74, are discussed. All

the experimental results are compared with the ideal g-axis step

Gnlop(z) 035 A
TG, () 21035 Whichis

recorded as ¢, and the ideal d-axis decoupled current response,

currentresponse of G (z) =

- 300 — gt —lat gy - lan - 300 —i1;270—6i1:2 - gy - lan
N < 170.6 11.2 A
g 150 1 g 150 | =
t 0 _\’:’!_ & cE “: 0 -; _‘:‘_’"“ ‘ e
3 i 3 "
252A 25.1 A 300A © 243 A
<150 : ‘ 150 ! :
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Sampling cycle Sampling cycle
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2 300 ql dl qn dn 2 300 1276 9;:2 qn dn
S50 | 150 [ 214
o B o L
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-349 A .
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2150 TN nay
: -
E zzez
3 153 439A | I88Al
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Fig. 9. Current performance of CR1 and CR2 with different cases. (a) CR1

with case 1. (b) CR2 with case 1. (¢) CR1 with case 2. (d) CR2 with case 2.
(e) CR1 with case 3. (f) CR2 with case 3. (g) CR1 with case 4. (h) CR2 with
case 4. (i) CR1 with case 5. (j) CR2 with case 5.

which is recorded as i4, = 0 A. dg-axis currents regulated by
CR1, CR2, and CR3 are recorded by i41 and 7,1, ig2 and 742,
and 43 and 7,3, respectively.

A. Control Performance of the Nominal Current Regulator

In this experiment, CR1 is compared with CR2, and the
adverse effect of parameter errors is also presented. The ex-
perimental results of the cases as follows under the condition of
n = 3000 r/min and stepping 4gref from 0 to 150 A are presented
in Figs. 9 and 10.

1) Case 1: R, = Ry, Lq = Lg, and L, = L,

2) Case2: R, = 0.5R,, Lg = 0.5Lg4, and L, = 0.5L,,.

3) Case3: R, = 0.5R,, Ly = 1.5Lg4, and L, = 1.5L,,.

4) Case4: R, = 1.5R,, Ly = 0.5L4,and L, = 0.5L,,.

5) Case 5: Ry = 1.5R,, Ly = 1.5L4, and L, = 1.5L,,.

According to Figs. 9(a)—(d), (g), and (h) and 10, there is
relatively small difference between CR1 and CR2 in cases 1,
2, and 4. However, the performance of CR1 changes less in
different cases, especially the current ripple and the overshoot
of i4, which validates the stronger robustness of CR1. The gap
between CR1 and CR?2 is significant in cases 3 and 5.
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cases 1-5 in Section IV-A. (a) Overshoot of i,. (b) Deviation extremum of ¢4
relative to 0 A. (c) g-axis current ripple. (d) d-axis current ripple.

According to Fig. 9(e) and (f), in case 3, the overshoot of
ig and deviation extremum of ig regulated by CR1 are 22.3
and 16.2 A, respectively, while 37.4 and 26.6 A regulated by
CR2. In the presented sampling cycles, the current has not fully
converged. The d-axis current ripple regulated by CR2 is 13.2 A
more than that regulated by CR1. The ripple of i, is over two
times higher than that regulated by CR1.

Similarly, in case 5, the gap is still significant, as shown in
Fig. 9(1) and (j). The overshoot of 7, and deviation extremum
of 74 regulated by CR2 are all over two times higher than that
regulated by CR1.

Itis noticeable that as implemented in case 1, the simulated or
measured resistance and inductance parameters are usually used
to design the regulator, while the experimental results indicate
that the current response of the current control system in case 1
is greatly different from the ideal current response.

B. Validation of the Multigain Online Autotuning Technique

In order to verify the performance of the multigain online
autotuning method under different speeds and current dynamics,
the experiment with the following cases is carried out with tuned
gains not updated to the regulator. Equations (11) and (12) show
that the estimations of resistance and d-axis inductance param-
eters can be derived from Edem and Edbl, and the estimations of
resistance and g-axis inductance parameters can be derived from
qum and Eqbl. Therefore, the estimated parameters de and I:d
derived from ’k\:dem and k\dbl, as well as qu and f/q derived from
qum and /]%qbl, are presented in Fig. 11(c)—(f).

1) Case 1: n = 1500 r/min, and 7. is increased from 0 to

150 A in steps of 50 A.
2) Case 2: n = 3000 r/min, and iqref 18 increased from O to
150 A in steps of 50 A.

Overall, the multigain online autotuning technique can make
the four gains reach the steady state under different currents
and speeds, which verifies the effectiveness of the autotuning
method at the current dynamics and different speeds.

According to Fig. 11, when i steps from 0 to 50 A, the au-
totuned gains and related resistance and inductance estimations
vary greatly. It is probably because that inverter nonlinearity has
asignificant impact when the current control system is unloaded.
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Fig. 11. Experimental results of the multigain online autotuning technique
with different cases. The autotuned gains with (a) case 1 and (b) case 2. The
resistance estimations with (c) case 1 and (d) case 2. The inductance estimations
with (e) case 1 and (f) case 2.

Then, it is logical that as the current rises, the effect of the
inverter nonlinearity is reduced. According to Fig. 11(a) and (b),
with gt stepping from 100 to 150 A, the decreases of the four
autotuned gains are only 0.006, 0.005, 0.012, and 0.012 in case
1, as well as 0.008, 0.008, 0.014, and 0.013 in case 2. Then,
Fig. 11(c)—(f) indicates that compared with FEA, the deviation
of estimated resistance and inductance parameters are less than
3.12 m{2 and 2.44 pH, respectively, while the accuracy will be
investigated in Section IV-C by experiments.

C. Performance of the Multigain Online Autotuning
Technique-Based Current Regulator

To validate the control performance of the current control
system supported by the multigain online autotuning technique,
the experiment is carried out with tuned gains updated to the
regulator in the cases as follows. The results are presented in
Fig. 12.

1) Case 1: n = 1500 r/min, and stepping iqrr = 150 A.

2) Case 2: n = 3000 r/min, and stepping iger = 150 A.

Overall, CR3 improves the dynamic performance of the cur-
rent control system. According to the experimental results, the
convergence values of the gains, resistance, and inductance pa-
rameters are, respectively, comparable at different speeds while
different at different loads. Therefore, the autotuning method can
run after the load changes and stop after the observed parameters
converge, which can be easily implemented.

According to Fig. 12(a)—(c), the overshoot of ¢, and the
deviation extremum of ¢4 decrease by 4.5 and 6.6 A, respectively.
The current oscillation is suppressed. During the dynamic state,
the current response of ¢, regulated by CR3 is more consistent
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Fig. 12.  Experimental results of CR1 and CR3 with different cases. dg-axis

current regulated by CR1 with (a) case 1 and (b) case 2. dg-axis current regulated
by CR3 with (c) case 1 and (d) case 2. (¢) The zoom 1 of current waveform with
case 1. (f) The zoom 2 of current waveform with case 2. The autotuned gains
with (g) case 1 and (h) case 2. The resistance estimations with (i) case 1 and
(j) case 2. The inductance estimations with (k) case 1 and (1) case 2.

with the ideal current response, which can be more clearly seen
in Fig. 12(e).

Then, the improvement of autotuning technology on the cur-
rent control system is more significant in case 2. According
to Fig. 12(b) and (d), the overshoot of i, and the deviation
extremum of ¢4 decrease by 6.1 and 4.6 A, respectively. The
current oscillation is also suppressed. With the regulation of
CR3, the g-axis current with a faster rise rate and lower overshoot
is also more consistent with the ideal current response, which
can be more clearly seen in Fig. 12(1).

The improved current control performance indicates that the
autotuned gains are more accurate, and the inconsistent dg-axis
resistance and inductance parameters shown in Fig. 12(1)—(1)
indicate the possible asymmetry of three-phase resistance and
inductance parameters.

According to Fig. 12(a)-(d), the steady-state current ripple is
increased due to high-frequency voltage injection. However, the
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Fig. 13.  Experimental results of CR3 with the autotuning method running all
the time. (a) dg-axis current. (b) Autotuned gains. (c) Resistance estimations.
(d) Inductance estimations.
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Fig. 14.  Statistical comparison of CR1, CR2, and CR3. (a) Overshoot of 4.

(b) Deviation extremum of ¢4 relative to 0 A. (c¢) g-axis current ripple. (d) d-axis
current ripple.

autotuning method does not need to run all the time. Thus, the
experiment is conducted in case 2, where the autotuning method
runs from the motor current change until the control parameters
converge. As shown in Fig. 13, with the autotuning method,
the control parameters, resistance parameter estimations, and
inductance parameter estimations all converge after the change
of 44. The dynamic response of dg-axis current is still improved.
Compared with the current response regulated by CR1 shown
in Fig. 9(b), the overshoot of ¢, and the deviation extremum of
1q decrease by 7 and 5.1 A, respectively, as shown in Fig. 9(b).
Besides, the ripple of the dg-axis steady-state current is reduced
by 2 and 2.5 A.

Finally, the control performance of CR1, CR2, and CR3 is
compared in Fig. 14, which indicates the significant enhance-
ment of the current control system by CR3, particularly in terms
of dynamic performance.

D. Comparison With the Existing Parameter Estimation
Methods

First, the proposal in this article is compared with the discrete-
time parameter estimation method in [3], where some approxi-
mations are used to establish a clearer relationship between the
estimated and actual parameters. As the method requires the
injection of bias currents, which is different from the injection
method in this article, the control parameters are first estimated,
and then, the estimated parameters are used for the comparison of
the current regulator performance. The current regulator with the
estimated parameters by the proposal in this article is represented
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TABLE II
COMPUTATIONAL BURDEN COMPARISON

Method Execution time
Proposed Regulator 0.9 us
Regulator Regulator in [9] 2.3 pus
Proposed Method 0.8 us
. Method in [3] .
Autotuning Method (Identify one-axis parameters) 0.313 ps
Conventional RLS Method 3 pus

by CR4, and the current regulator with the estimated parameters
by the method in [3] is represented by CRS.

As shown in Fig. 15, the resistance and inductance parameters
are, respectively, estimated by the method in [3]. The control
NS ke kapi, kqex» and kg are derived as 0.177,0.172,0.177,
and 0.172, respectively.

Then, the experiment is conducted at n = 3000 r/min and
tgref = 150 A in steps of 50 A. The control performance of the
current regulator is demonstrated in Fig. 16. According to the
experimental results, when ¢4t = 50 A is applied, the deviation
of 74 regulated by CR5 is —15.1 A, while itis —11.6 A regulated
by CR4. The overshoot of ¢, is 8.7 A regulated by CRS5, while it
is 5.9 A regulated by CR4. In addition, the ripples of the dq-axis
current regulated by CR4 are 22.4 and 9.3 A, respectively, while
they are 28.8 and 19.1 A regulated by CRS. Thus, the better
control performance indicates the higher accuracy of the gains
and parameters estimated by the method in this article.

The computational burden is compared as shown in Table II,
where the discrete model based on the Euler difference method,
which is simpler but less accurate, has been used to reduce the
computational burden of the RLS method, while the execution
time is still longer. Therefore, the reduced execution time vali-
dates the reduced complexity of the proposed scheme.
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V. CONCLUSION

In this article, a multigain online autotuning technique-based
discrete-time current regulator for PMSMs was proposed. The
nominal current regulator in the current control scheme was
proven to have better performance and higher robustness to
parametric uncertainties, while it was difficult to obtain the
accurate resistance and inductance parameters in practical ap-
plications. If the resistance and inductance parameters of the
motor are very low, small parametric uncertainties still signifi-
cantly deteriorate the performance of the current control system,
which was presented in the theoretical analysis and experiments.
The proposed multigain online autotuning method based on an
adaptive observer can estimate the control gains more accurately
and then significantly suppress the adverse effects of parame-
ter errors. The proposed control method ran more efficiently,
which was validated by the reduced execution time. In addition,
the proposed current control method was designed directly in
the discrete-time domain, which enabled the proposed control
scheme to be directly implemented digitally without the unex-
pected deterioration of control performance or even instability
of the current control system. The proposed current control
method can be applied to both the IPMSM and the SPMSM.
Finally, theoretical analysis and experimental comparison verify
the effectiveness of the proposed method.
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