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Abstract—Improving the control performance of surfaced-
mounted permanent magnet synchronous machine (SPMSM)
drives, digital current controllers with active resistance term feed-
back (ARTF) based on an exact zero-order hold (ZOH) equivalent
discrete SPMSM model have been developing. Derived from the
ARTF structure, few approaches are developed to suppress the
ARTF delay effect on the digital current controller. To fill this
gap, an improved digital current controller with the proposed
digital internal mode control current estimator is designed. In the
proposed structure, the predicted current can be effectively utilized
as the ARTF delay compensation and feedback of the current
controller at the same time. Compared with other state-of-the-art
digital current controllers with ARTF, the performance evaluation
of dynamic response, disturbance rejection, and parameter robust-
ness is originally carried out based on the exact ZOH equivalent
discrete SPMSM model. Furthermore, the experimental results are
able to fully verify the correctness of the proposed method.

Index Terms—Active resistance term feedback (ARTF), internal
mode control (IMC), parameter robustness, surfaced-mounted
permanent magnet synchronous machine (SPMSM).

NOMENCLATURE
Uaq,tdq dg-axis stator voltage and current.
U, q dg-axis distorted voltage caused by inverter nonlin-
earity.
U, (rfqr dg-axis inverter reference voltage.
we, B, Electrical angular speed and angle.
Ls, Ry  Actual stator inductance and resistance.
¥m, ¥  Actual and initial rotor flux linkage.
LR Initial inductance and resistance in controller.
uret af3-axis inverter reference voltage.
Ul,vs  «af-axis distorted voltage caused by inverter nonlin-

earity and stator flux linkage.
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Ts Digital system sampling period.

iif; dg-axis reference stator current.

1. INTRODUCTION

N surfaced-mounted permanent magnet synchronous ma-
Ichine (SPMSM) current control, researchers have devel-
oped several current control schemes. One of the most popular
schemes is proportional—integral (PI) current control, which not
only can keep zero steady-state current error performance but
also possess disturbance rejection [1]-[3]. Owning fast dynamic
responses, predictive current control has been getting wide at-
tention, but it is more sensitive to parameter mismatch between
controller and machine [4]-[6].

Generally, PI current controller was employed to control
dg-axis torque and flux currents (iq,%q) of SPMSM and the
flux current is set to zero or negative value for flux-weakening.
Due to the involvement of rotor flux linkage and cross-coupling
inductance terms in SPMSM model, a state-feedback decou-
pling PI current controller was developed [7], [8]. Based on
this controller, the feedback variables can cancel the imaginary
part of the plant pole. In order to reduce the inductance pa-
rameter sensitivity, a complex vector PI current controller was
designed in the 1998s [9]. The main point is that the complex
plant pole is directly canceled by a matching zero provided
by the current controller. To enhance disturbance rejection of
current controllers, active resistance term feedback (ARTF) is
designed. Utilizing ARTEF, the plant pole location is forced to
move left [10].

Motivated by the development of digital systems such as
advanced RISC machines (ARM) and digital signal proces-
sors (DSP) microprocessors, digital current controllers have
been getting more increasing attention. Generally, digital PI
current controllers using forward Euler transform have been
established [11], [12]. The basic procedure is to transform
the designed controller model from continuous-time domain (s
domain) to discrete-time domain. However, it has been noted
that the digital implementation of continuous-time derived PI
current controller can worsen the performance when the current
regulator is tuned for high bandwidth or the operating condition
is under high fundamental excitation frequencies relative to the
sampling frequencies [ 13]-[15]. Regarding solving this issue, an
improved predictive current control based on a fully discretized
SPMSM model is proposed [16]. However, a complex nonlinear
disturbance observer with d-axis current injection method needs
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to be designed to suppress the disturbance caused by parameter
mismatch in the predictive current control. In order to avoid the
design of disturbance observers, a digital PI current controller
considering computation delay model is proposed [17], [18].
Furthermore, without employing forward Euler transform, a
digital current controller based on an exact zero-order hold
(ZOH) equivalent discrete SPMSM model is proposed [14], [19],
but this current controller cannot be applied in salient machines.
With regard to overcoming this issue, a digital current controller
based on flux model is proposed [20].

For the sake of enhancing the disturbance rejection of digital
current controllers, several digital current controllers have been
designed. A two-degree-of-freedom digital PI current controller
based on ZOH equivalent discrete model is proposed [21],
but the algorithm calculation is relatively high due to the in-
volvement of multiple deigned coefficients. Yepes et al. [22]
have developed an optimized settling time and overshoot digital
current controller with ARTF where the dynamic response and
disturbance rejection coefficients are theoretically designed. In
order to analyze the computation and modulation delay effect
on ARTF, a second-order Pade expansion was employed and
it has been found that the delay can negatively affect the pole-
zero cancelation. In addition, they proposed a digital current
controller by adding an active inductance term feedback to
enhance the disturbance rejection, but the dominant poles are
closer to the stability boundary [23]. To reduce the ARTF
delay effect on digital current controllers, Vukosavic et al. [24]
designed a digital current controller with an error-free sampling
and ARTF. In this structure, the current controller is modified
by adding a delay model 275, which can further improve
current dynamic response by extending the range of permissi-
ble value of ARTF. Another method to suppress ARTF delay
model is employing a prediction scheme [18]. In this prediction
scheme, the next instant stator current can be obtained based
on a machine model and can directly compensate the ARTF
delay, but this scheme strongly depends on the machine model
accuracy.

Based on the ARTF structure, with regard to pursuing the high
performance of digital current controllers including the dynamic
response, disturbance rejection, and parameter robustness, it is
indispensable to design a digital current controller considering
the computation and modulation delay. However, few effective
approaches are developed except for several references [18],
[22], [24]. Motivated by this fact, this article proposes a digital
current controller with ARTF by employing a digital internal
mode control (IMC) current estimator. The contributions of this
article are as follows.

1) A digital IMC current estimator based on the exact ZOH
equivalent discrete SPMSM with ARTF model is proposed. In
this proposed structure, the superposition principle is employed
and relatively low parameter sensitivity (considering SPMSM
parameter disturbances) will occur compared with the current
prediction scheme [18]. The predicted current can be effec-
tively utilized as the ARTF delay compensation. Moreover, the
predicted current can be directly regarded as the feedback of
current controller to suppress the execution time delay effect
on the overall system. Based on the proposed current estimator,
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an improved digital current controller considering the execu-
tion and modulation delay is proposed, where the dynamic
response, disturbance rejection, and parameter robustness can
be enhanced.

2) Considering the ARTF and current loop feedback distur-
bance paths effect on the overall control system, the designed
coefficients, dynamic response, disturbance rejection, and pa-
rameter robustness based on the exact ZOH equivalent discrete
SPMSM model are theoretically illustrated in detail. In order to
illustrate the superiority of the proposed digital current controller
with ARTF, two state-of-the-art digital current controllers with
ARTF will be compared.

The rest of this article is organized as follows. Section II
introduces the exact ZOH equivalent discrete dq-axis SPMSM
model and state-of-the-art digital current controllers with ARTF.
The proposed digital current controller with ARTF is presented
in Section III. In order to make a detailed theoretical analysis
of current controller performance, the performance evaluation
of the proposed digital controller with ARTF compared with
two state-of-the-art digital current controllers with ARTF is
presented in Section I'V. Experimental verification of four digital
current controllers is carried out in Section V. Finally, Section VI
concludes this article.

II. EXACT ZOH EQUIVALENT DISCRETE SPMSM MODEL AND
DIGITAL CURRENT CONTROLLER WITH ARTF DESIGN

In this section, the exact ZOH equivalent discrete dg-axis
SPMSM model is introduced. Based on the discrete model, two
types of state-of-the-art digital current controllers with ARTF
are presented.

A. Exact ZOH Equivalent Discrete DQ-Axis SPMSM Model

The a/3-axis SPMSM voltage and stator flux linkage equa-
tions considering inverter nonlinearity [25], [26] are shown in

af

U:ef = RSZS + 7/;5 + Ué
{ ‘ ) (1)

ws = Lsis + ¢mej96

TR

where the superscript means the derivative with respect to
time. To get the discretization of SPMSM model based on (1), the
differential equation needs to be solved. The brief procedure can
be presented as follows. First, U. and 1),,w,. are considered as
disturbance terms and the current vectors i, in continuous-time
domain can be obtained as

) o = 7127:1&', ( — 7%:t)i .

is(t) =e is(to) +(1—e T Us(t) @
where i, (to) means the initial current state variables; Uy is the
af-axis SPMSM stator voltage after adding the disturbance
terms U’ and ¢, w,.

The symmetrical pulsewidth modulation with sampling at
the start of each carrier period is employed [19], as shown in
Fig. 1. Apart from that, approximate 0.57 time belongs to the
modulation time delay from «f3-axis to dg-axis. Overall, the
execution and modulation time delay in digital control system
can be approximately equal to 1.57[17], [22], and the dg-axis
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A Amptitude
i,(k+1)
i(k) i,(k+2)
U.(k—1) U.(k
——T, >l T, >
L L Sampling
Execution time Execution time instant

kth (k+1)th (k+2)th
Fig. 1. Diagram of the execution delay in digital control system.

stator voltage Uy, after adding the disturbance terms can be
obtained as

o1 27T .
Us(t —Ts) = 6]9"‘? / Ui (t — T7)e™7%<7dr

S Ts
e 9l T i0 ) (£ — 1.5T). 3)

Based on (2) and (3), the discrete-time dg-axis current 74,
based on ZOH model can be presented as [17], [22]

_RsTs

iag(k 4+ 1)e?eTs = ig,(k)e” " Ls
1.57 approximate delay

S 1 :
+(1-e BT = e P (k-1.5)

“)

The transfer function G)po(z) of the exact ZOH equivalent
discrete SPMSM model can be expressed as follows:

G _ tag(2) 1-e BT
po(2) = Ui (z) 1.5T, delay
—_—
R, /@l 5T 415 (ZejwcTS _ e—’;—:‘n)

(&)

B. Digital Current Controller With ARTF

Regarding adding ARTF in digital current controllers, it can
be known that the disturbance rejection of current controllers
is improved by moving the plant pole location [22], [27]. In
this section, the two previous digital current controllers with
ARTF are illustrated herein, namely digital current controller
with ARTF by prediction scheme [18] and IMC digital current
controller with ARTF [22], [24]. In order to reduce the calcula-
tion, the term e*%z‘Ts can be simplified as the term 1 — IE T,
(see, e.g., [24, Fig. 1]). The disturbance terms U, and t,,w.
of plant are assumed to be fully eliminated by the feedforward
terms. To compensate the electrical angle #. delay caused by
the execution and modulation time delay, the modified park
transform coefficient K can be designed as e/«¢-57

1) Digital Current Controller With ARTF by Prediction
Scheme: Since the modulation and control delay prevents the
pole-zero cancelation between the plant and controller (see,
e.g., [22, (16)]), the current prediction scheme will be employed
herein. Based on the accurate SPMSMs model [18], the next
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instant predicted current %4, can be obtained as

.’\ . Ts — re _
2iag(2) = faq(2) + T U (2) = 27Uy (2)

- Rldq(z) - jLweidq(z) - jwwe]' (6)

Gpo(z) with ARTF can be simplified to Gp1(z), which is
shown as follows:

@)

Ts
Gpl(z) = 1LS

215 [zejweTs — Ro4205R, Ts):|

Ls

where R, means the ARTF gain. In order to establish the
digital current controller with ARTF, the value of actual SPMSM
parameters is assumed to be equal to the value of the parameters
in controller, i.e., Ly = L,,, = ¢, Rs = R, and, hence, the
transfer function G (z) of the current controller with ARTF is
presented as [22]

L | . R+ R, _
Ga(z) = g {eJ”ﬂT’q — (1 _At Ts) z 1} :

s L z—1
(®)
where o1 denotes the angular frequency of the controller.

2) Digital IMC Current Controller With ARTF: Another al-
ternative is a digital IMC current controller by adding a delay
model. Considering the inherent delay model z~1-57:, G0 (2)
with ARTF can be rearranged as

Ts

E C)

. -1.5
1.5 |:Ze]UJET — (1 - Btz loReq)

s

~

Gp?(z) =

To make a perfect pole-zero cancelation, the inherent delay
model 2157 needs to be added into the digital current con-
troller with ARTF [22], [24]. Based on IMC principle, G.2(z)
can be equal to Gljzl(z)l(z)d(z), where d(z) is an adjustable
model based on a plant. In order to build the first-order closed-
loop current system transfer function, a discrete-time integrator
I(z) can be expressed as Z*%. To make a causal system in
the current controller, the adjustable model d(z) needs to be
designed as 22—15 Compared with the digital current controller
with ARTF by prediction scheme, the dynamic response per-
formance of this current controller is enhanced due to better
pole-zero cancelation. The current controller model G .2(z) can

be obtained as [22]

L ) R —1.5Rv
GCQ(Z):OQ?S [e“’eTs — (1—+ ZL TS) z_l} > i 1

(10)
The block diagrams of the two digital current controllers are
shown in Fig. 2.

III. PROPOSED DIGITAL CURRENT CONTROLLER

Compared with the above two digital current controllers
with ARTF, this article proposes an improved digital current
controller with ARTF by employing a digital IMC current esti-
mator, where the dynamic response, disturbance rejection, and
parameter robustness are enhanced. The proposed digital current
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(b) IMC digital current controller with ARTF.
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(b)

Block diagram of overall control loops for the two digital current controllers with ARTF. (a) Digital current controller with ARTF by prediction scheme.

Plant on Synchronous
Gpo(2)
Reference Frame

Urcj
SPMSM and

SVPWM g Inverter

Taq

Digital IMC

. < Clarke and Park Transform
Current Estimator

Fig. 3.

controller and digital IMC current estimator will be illustrated
in this section.

A. Improved Digital Current Controller With ARTF

Motivated by the prediction scheme based on (6), a digital
IMC current estimator is proposed. In the proposed digital
IMC current estimator structure, the next instant current zigq
can be obtained with low parameter sensitivity compared with
the prediction scheme based on (6) and zi4, can suppress the
ARTF delay issue. Moreover, zzd/\q can be considered as the
feedback of current controller, which can improve the overall
system performance, as illustrated in the next section in detail. In
addition, a delay model z~%-°T* is added in the current controller
to compensate the modulation delay from dg-axis to «3-axis.
Therefore, the modified plant model G,3(z) can be expressed
as

~

Gps(z) = =
z1:5 [zejWﬂTS - (1-

~ (11)
R.<+ZL:’ SR, Ts)

Block diagram of the overall control loop for the proposed digital current controllers with ARTFE.

Based on the pole-zero cancelation, the proposed controller
model G3(z) can be expressed as

LT, R+29°R z
oy e T (1o B2 T ) .
e o= (- ) ]

12)

The block diagram of the proposed overall control loop is

shown in Fig. 3. The digital implementation of the improved
digital current controller can be presented as

Gcg (Z)

eaqi (k) = ”fuf) — aq(k +1)
qug(k) aledql(k — 15)
Udgs(k) = eagr (k)aned= T £
Udqa(k) = eaqi (k — a4 (1 — £=) (13)
Udgs (k) = —Uqqa(k) + Uaqs (k) + Uaqa(k)
Udqo (k) = Uags (k )+qu6( -1)
Udq1(k) = Udqe(k) — qu(k + DR,

The optimum value of R, can be equal to the proportional gain
of the current controller [24]. In this case, 12, can be expressed
as

(14)
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It should be noted that R, is related to disturbance rejection
and the optimum value of R, is only based on the value of
without parameter mismatch [22]. The value of R, needs to
be adjusted under different parameter mismatch conditions, i.e.,
L # L. If the machine speed over sampling frequency of the
system is relatively small, e/“<”> ~ 1 4 jw,T, can be satisfied
in (13), where the calculation can be further reduced. Overall, the
proposed digital current controller can be utilized under different
conditions.

B. Digital IMC Current Estimator

In order to_design the digital IMC current estimator,
2 a7 (2), 2iaq(2), and 27 Ugqo(2) are taken as input, output
variables, and disturbances of the plant, respectively. Equation
(11) can be considered as the plant in the proposed IMC current
estimator since ARTF is added in the control system. z ! Ugq0(2)
can be acquired at the kth instant as

L UE(2)
K
— jPwe + iaq(2) Ry

2 Uago(2) = 2 — zflU[iq(z)

15)

where Uy, ¢ denotes the disturbance voltage caused by SPMSM
parameter mismatch. It should be noted that different from
the prediction scheme of (6) which does not consider the dis-
turbances Ugqr caused by parameter mismatch, Ugqr can be
acquired in the proposed digital IMC current estimator. Based on
G3(z), the SPMSM with ARTF plant G, (z) of the estimator
can be built as

Zidq

Gpr(2) = W

Slke

_ | — . (6)
205 [giweTs — (1 — Btz VUTS)ZA}

Based on IMC principle, the feedforward path model of the
IMC current estimator G.(z) can be presented as G .(z) =
ﬁaz, where s is the desired angular frequency of the esti-
mator. Employing the superposition principle, i.e., the sum of
feedforward and disturbance paths, the output 2ig,(2) of plant
can be easily acquired as

Term1

PN,
eyt e
Zqu(z) - qu(Z) 1+ Zﬁlec(Z)

Term?2
_ G,r(2)
1 pf
U PR " ST
+2 Uaolz) 7 271Gy (2)
Prediction
Measurement T ( )G ( )( 1) - ( )b
- 2z Uggo(z zZ)Nz—1)+144(2)01

a7

where by = aez — z + 1 — ap. The block diagram of the digital
IMC current estimator is shown in Fig. 4. In (17), it is noticeable
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. AN
Gty + G Uiar+ 4y
Gc_f(z) pr(z) >
= +
Laq quo
|Z—1|
|
! ! Superposition Principle
T4q (e 7% 1
z—1+a o
z—1 +Y Zlay
| z—1+a
Uso_|z 5T, e 7
L A =
A,
L
R — . T, -1.5
] il i

Fig.4. Block diagram of digital IMC current estimator based on superposition
principle.

that the dynamic response of the IMC current estimator is
determined by Term1 and Term2 both. Apart from that, it can
be seen that Term1 is a first-order low-pass filter, and, hence, the
value of a5 can be set as as € (0, 1] according to the pole-zero
location of the transfer function. In addition, the other format of
(17) can show the instantaneous predicted current characteristic,
and it can include two parts, i.e., measurement and prediction
parts. The measurement part can reduce parameter sensitivity,
while the prediction part can predict the next instant current.

To analyze the steady-state error of the proposed IMC current
estimator, the transfer function of steady state error eq,(z) can
be shown in (18) based on (17)

lim eqq(t) = lim(z — 1)eqq(2)

t—o0 z—1
z—1
=lim |tg(2) —————
e dq( )1+Z_1Gfb(2)

(2 = )Gyy(2)z !
14+ 271Gy.(2)

+ 27 Waqg0(2) =0. (18)

It can be seen that the value of the steady error can keep zero
with parameter mismatch, which means that i4q(t) = iqq(t).
From the transfer function of steady-state error, it can be known
that the parameter mismatch can affect the estimated current
dynamic response and then the overall system will be influenced.
The overall system performance evaluation is analyzed in the
next section.

After designing the digital IMC current estimator, the digital
implementation of the (k+1)th instant predicted currents can be
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acquired as follows:

r1(k) = Uago(k — 1.5) Lee 722

ra(k) = r1(k) + 75(k — 1)e 3T (1 — ET,)

r3(k) = ro(k) — r3(k — 1.5)e7IweTs Bup,

ral) = ra(k) — ra(le - ) rak-Diaz—1)
T/’5\(k‘) = (k)ag —T‘5( 1)(0&2 — 1)

o+ 1) = (k) + ra(k).

IV. PERFORMANCE EVALUATION OF THE PROPOSED DIGITAL
CURRENT CONTROLLER WITH ARTF

In order to better analyze the performance of the proposed
digital current controller, the three digital current controllers
with ARTF will be compared in detail. The current response
performance of the three digital current controllers with ARTF
will be, respectively, expressed as follows:

idq(2) = ch(Z)lff(;( ) + Glis1 (2)dais(2)
iaq(2) = GCIQ(Z)Zile;( ) + Guis2 (2)dais(2)

i4q(2) = Geia(2)ifgy(2) + Gaisa (2)dais (2) (20)
where G1(z), Gua(z), and G3(z) denote the three current
controllers closed-loop transfer functions, respectively; dgis
stands for the disturbances caused by parameter mismatch in-
cluding ¢, R, jLweiqq, %, M%MR“, and M%LSR“;
Gis1(2), Gaiss(2), and Ggis3(z) mean the three current con-
trollers disturbance transfer functions, respectively. Since dgis
can be taken as disturbances caused by stator inductance, stator
resistance, and rotor flux linkage parameter mismatch, the anal-
ysis of disturbance transfer functions can reflect the performance
impact of the parameter mismatch controller on the system.
In digital current controllers with ARTF, the digital current
controller with prediction scheme [18], the IMC digital current
controller [22], [24], and proposed digital current controller
are named after Method1, Method2, and Method3, respectively.
The block diagram of the three current controllers considering
disturbance paths are shown in Fig. 5. It can be seen that the
current loop feedforward disturbance dg;s caused by controller
parameter mismatch exists in the three methods. In addition,
Method1 and Method3 contain an ARTF disturbance path, while
the current loop feedback disturbance paths exists in Method3.
Because the disturbances dgis are all caused by the SPMSM
parameter mismatch, dgis can be approximately assumed as the
same value in the different disturbance paths.

A. Dynamic Response Performance Evaluation

In order to evaluate the current dynamic response performance
of the proposed digital current controller, parameter mismatch
is not considered herein. The three current closed-loop transfer

R+z

-0.5 -1.
R"'LR”, Btz T "Ry °Ry , the term

% under parameter mismatch cannot be taken as dgis (e. g., see [l 1]). The term

! Apart from the term JLweiqq,

% parameter mismatch effect on the overall system will be analyzed in the next
section.
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dri’is

©

Fig.5. Block diagram of the three current controllers considering disturbance
paths. (a) Digital current controller with ARTF by prediction scheme. (b) IMC
digital current controller with ARTF. (c) Proposed digital current controller with
ARTF.

functions G1(2), Ge2(2), and Ge3(2) can be presented as

G - _CuE)Gae) __ Gul)
ot 14+ Gpi(2)Ga(z)  22° =215+ Gy(z)
_ Gp2(2)Gea(2) B (o351
Gdz(z) 1+ GpQ(Z)GCQ(Z) B 225 — 215 + o
G, 3(Z)Gc3(2) aq
Gc = - = 5 5
l3(Z) 1+ GpS(Z)GCS(Z) 225 _ ,1.5 + a1z (21)
where  Gg4(z) can be expressed as Gg(z) =
eiweTs _ (1 R+Ru T, )

. Based on the above term, it can be

eiweTa (1= 7’”3”2 o5,
known that the ARTF delay prevents the pole-zero cancelation
in G.1(z), where Yepes et al. have analyzed that the imperfect
pole-zero cancelation can negatively affect the current controller
performance (see, e.g., [22, (16)]). In addition, since it is not
straightforward to analyze the decimal format models in z
domain, the half delay z~°-> will be neglected to simplify the
analysis in this article. Thus, the three transfer functions can
become the second-order system and G1(z) is the same with
Gi2(2). It can be easily seen that the bandwidth of G5 is not
the same with G;; and G2 under the same value of «; due to
different transfer function models. The poles of G;; and G2

are vizdo V1274°‘1 and 1=v1-don V12740‘1, respectively. On the contrary,
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the poles of G.3 are 0 and 1 — «ay, respectively. From the
pole location, when oy € (0, 1], the system Geq,Gep is
underdamped, i.e., it means the current overshoot can occur
under the range value of oy € [%,1] in the system Gi1, Gege.
However, the current overshoot of (.3 cannot occur under
the large range value of o; € (0,1]. In other words, it can be
known that the dynamic response of Method1 and Method? is
deteriorated with the increase of a; compared with Method3.

In order to validate the above analysis, the three sets of
respectively same current bandwidth in G.j1, G2, and Gg3
will be carried out in simulation, i.e., (y = 0.3 of G¢j1, Geo
and oy = 0.48 of G13), (v = 0.39 of Gj1, G2 and v; = 0.6
of Gcl3), and (a1 = 0.53 of Gcl17 Gclg and ap = 0.68 of Gcl3)~
In Fig. 6, it can be seen that the dynamic response performance
under low current bandwidth is almost the same in Fig. 6(a).
However, there exists positive magnitude in the Bode plot of
Ge11, G2 in Fig. 6(b) and (c), which means that the current
overshoot can occur under the step current response. In addition,
when the value of o increases, the positive magnitude goes
larger. In this article, the maximum value of current overshoot is
limited to 150% reference current, which means that the maxi-
mum magnitude of Gj1, G2, and G 3 is 3.52 dB as shown in
Fig. 6(c). The simulation can effectively validate the proposed
current controller and can obtain the same current dynamic
response speed without overshoot compared with Method1 and
Method2.

B. Disturbance Rejection Evaluation

The disturbance transfer functions from dg;s to the current
variation Aig, caused by the disturbances in the three methods
are respectively shown in the following equation:

A
Gais1 (2) = dqu(( 2
Ts 25 _ 15
( L) Gp1 2.5 Zl 54+ Gy(z)
Aigy(2) — 20
Gais2(2) = dd:( )~ Gpa(z )22 5215 4 ay
Nio (= 525 _ 15
G (2) = djq((z)) = [Gps(2) + Ge ()] o515 oy
Tw (-~ )Gy ()
GT(Z) = |:Z2'5 — 21'5 + RUGP3(Z):| o — 1 + a9 : (22)

An effective disturbance rejection evaluation is to employ a
magnitude form integrated error [22], but it is complicated to ob-
tain the explicit solution due to the involvement of the plant com-
plex vector. In order to simplify the model, the cross-coupling
term is not considered. Therefore, the integrated error { can be
presented in (23), where a unit disturbance step dgis(2) = ==

z—1
and final value theorem z transform are applied herein
o0 o0
= / Aiggdr = / Gais(2)dais(z)dT
0 0
- ll—% 2Glis(2)dais (2)- (23)
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The integrated error of the three methods (1, (2, and (3 can
be solved by (22) and (23) as follows:

R,T;
G~ (1 +

1 B 1
L ) ai(Rs+R,)

Term3
1
_|_
; 1 B 1
7 iR+ Ry)  oyR. of L
1 1
~ |1+
G [ az(R+Rv)} a1(Rs + R,)
Term4
1 1

(24)

as(R+%5) (R + %E£)

From (24), it can be easily seen that the disturbance rejection
is enhanced (the values of (1, (2, and (3 become small) with the
values of R, R, a1, and «vs increasing in the current controllers
with ARTF. Due to adding Term3 in (3, (; > (2, which means
that Method2 has better disturbance rejection than Methodl.
Although Term4 exists in (3, oy of Method3 is larger than «;
of Method1 and Method2 to keep the same dynamic response. It
is complicated to compare the values between (> and (3 under
whole conditions. Employing the machine parameter of this
article, setting avs as 1, (5 can keep the lowest value based on the
numerical solution under several different values of «v1. In terms
of external disturbance rejection, i.e., the disturbance caused by
jywe in the current loop feedforward path, it can be seen that
Term3 and Term4 are removed from (24). The best external
disturbance rejection is in Method3 due to larger value of ;.
Overall, with the same current dynamic response in the three
digital current controllers, the proposed digital current controller
has the best disturbance rejection.

C. Parameter Robustness Performance Evaluation

In order to analyze the parameter robustness of the
three methods, the three current open-loop transfer functions
Goi1(2),Goia(2), Goiz(z) under inductance parameter mis-
match (% #* i ) can be presented as

Con() = Gy ()G (2) = et
oL
Goa(?) = Gpa(2)Gea(2) = S5tz
oL
Goale) = Ca()0eal2) = 152355 (o
where m can be expressed as m = %

edweTs _(1-BtBur .
( :) 5 will

. Similarly, the half delay z~°

eiweTs (1 R+R1)Z 0. )T
be neglected to simplify the model. The vector margin (v,,)
is employed to reflect the robustness or relative stability of



9834 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 37, NO. 8, AUGUST 2022
Bode Diagram Bode Diagram Bode Diagram
0 ol 5
o 5f {1 @ o o0
s s sf A
[0} @ [
g0 15 / e
§ 15| The cut-off frequency: ] §’ T The cut-off frequency: é’ o} The cut-off frequency:
3300 rad/s .5 4880 rad/s 6450 rad/s
20 L L L 15 L
0 0 0
_ oo} _ 9o} . 90
2 2 g
T -180 T 180 F 4 5 -180
Q 3 Q
& -270 @ 270 { & 270
i 360 F Method1 and Method2 i 360 Method1 and Method2 i -360 Method1 and Method2
Method3 Method3 Method3
-450 L -450 I L -450 n "
102 103 10* 10° 102 103 10* 10° 102 10° 10*
Frequency (rad/s) Frequency (rad/s) Frequency (rad/s)
(a) (®) ()
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of Gcl3)-

-

Load control

Fig. 7.

Test rig of SPMSM drive system.

the closed-loop system [14]. The values of v, lower than 0.5
are usually associated with elevated sensitivity to parameter
mismatch and with oscillatory response. Based on (25), it
should be known that v, is reduced with the increase of aL1 L ,
and the digital current controller with small value of 1 can have
strong parameter robustness. First, the small value of current
bandwidth in the three methods is applied, i.e., a; = 0.3
of Gcll;GdQ and ] = 0.48 of Gclg. When L < 2.2[/3 in
Method1 and Method2, and L < 3.6L, in Method3, v,,, > 0.5.
After that the larger value of current bandwidth (a; = 0.39 of
Ge1,Gea2 and ap = 0.6 of G3) is set in the three methods.
When L < 1.9L; in Methodl and Method2, and L < 2.9
in Method3, v,, > 0.5. In addition, the local stability of the
proposed IMC current estimator under the inductance parameter
mismatch is analyzed. The open-loop transfer function G (z)
in the proposed IMC current estimator can be expressed as
Gor(z) = 2% It can be seen that the value of v, can keep
1 no matter how the SPMSM parameters mismatch. Overall,
the proposed digital current controller has the best parameter
robustness compared with Method1 and Method2. Tf parameter
mismatch can also affect the optimum value of R, in Methodl
and Method3 based on (14), and, hence, the disturbance
rejection of overall system can be affected. For example, when

LLS > 1, the disturbance rejection will be reduced. On the

contrary, the disturbance rejection will be further enhanced
with % < 1. In this case, the value of R, should be adjusted
with the magnitude of Tf parameter mismatch.

In terms of cv; and «, selection in practical use, the values of
a1 and a can be set larger to enhance the dynamic response and
disturbance rejection. However, the larger values of 1 and o
can induce larger magnitude of measurement noises and overall
system stability is reduced with the increase of a;. Therefore,
there is a tradeoff for vy and vy selection.

V. EXPERIMENTAL VERIFICATION

In order to verify the correctness of the proposed method, the
test rig is established as shown in Fig. 7. The voltage of the
auxiliary power supply is set to 12 V and the main power supply
is taken as a dc bus in the SPMSM system. The control system
includes a control board based on a dual core TMS320F28377
digital signal processor, silicon carbide (SiC) and integrated
IGBT drive board, and sensor board. The high revolution Lecroy
oscilloscope type is MDA8OS8HD. The SPMSM A phase cur-
rent value is acquired by a high dynamic response current
probe, while other values, i.e., measured SPMSM speed and
dg-axis current can be obtained by a digital-analog conversion
circuit. The detailed parameters of the drive SPMSM and inverter
are displayed in Table I. In this section, three types of digital
current controllers with ARTF are compared with the proposed
method, namely the digital current controller with ARTF without
delay compensation (benchmark), digital current controller with
ARTF by prediction scheme (Methodl) [18] in Fig. 2(a), and
IMC digital current controller with ARTF (Method2) [24] in
Fig. 2(b). The proposed digital current controller is named after
Method3 where the value of «s keeps 1.

A. Dynamic Performance Evaluation

Because the dynamic performance is significant for the design
of the current controller, the dynamic performance evaluation
will be carried out first. In this section, the following terms
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Fig. 8.
(b) and (e) Method?2. (¢) and (f) Method3.

TABLE I
SPMSM AND INVERTER PARAMETERS

Parameters Value  Unit
Pole pairs (p) 4
Stator resistance (Rs) 1.1 Q
Inverter slope resistance (Ree + Rg)  0.02 Q
d-axis inductance (L) 57e-3 H
g-axis inductance (Lg) 573 H
Rotor flux linkage (1) 0.092 Wb
Rated current (7,,) 4.2 A
Rated torque (7%) 2.3 N.m
Sampling period (7) 200 us
Control period (7s) 200 us
Inverter deadtime (t4) 2.5 us

will be satisfied as: Ly = L, ¢, = ¥, R; = R, and parameter
mismatch test results will be shown in Section V-C. In order
to validate the simulation results of Fig. 6, the g-axis current
performance by chirp signal swapping is carried out in Fig. 8.
By adjusting the frequency of sinusoidal waveform, the current
bandwidth «; can be determined when the maximum value of
actual g-axis current is approximately 0.707 times of the maxi-
mum value of reference ¢-axis current. In this case, the 250-Hz
current bandwidth can correspond to oy = 0.3 in Method1 and
Method2 and «; = 0.48 in Method3, i.e., it is approximately
consistent with the simulation results in Fig. 6(a). However,
when the 500-Hz current bandwidth is set, the following test
condition can be satisfied as vy = 0.39 in Method1 and Method?2
and oy = 0.68 in Method3. It happens because the half delay
2705 4g neglected in the simulation, and the current bandwidth of
Methodl and Method?2 can vary faster than that in the simulation
with the increase of ;.

After obtaining the same current bandwidth, the dynamic
response performance of the proposed current controller can
be carried out. The load motor system keeps the constant value
of speed and the four methods are carried out in the drive motor
system. The value of the d-axis reference current is set to 0 A. In
order to make the same current bandwidth in the four methods,
the two sets of the same current bandwidth, i.e., «; = 0.3 in the

Time (s) %103

(G (e

2 4 6 s 8 Iy 4 2 o 2 4 6 ¢
Time (s) x10°

Actual g-axis current performance by respectively using 250 and 500 Hz chirp signal swapping under 200 r/min speed condition. (a) and (d) Methodl;
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Fig. 9. dg-axis currents dynamic performance of four methods. (a) Bench-
mark. (b) Method1. (c) Method2. (d) Method3. (The condition: «; = 0.3 in the
first three methods and cvy = 0.48 in Method3 under 100 r/min speed condition.)

first three methods and «v; = 0.48 in Method3, and oy = 0.39
in the first three methods and o;; = 0.68 in Method3 are carried
outin these test results. In Fig. 9, the value of the g-axis reference
current is set from 1 to 4 A and it can be seen that since
ARTF delay is not compensated, the dg-axis current dynamic
performance is deteriorated in benchmark. The dg-axis current
dynamic performance of Methodl, Method2, and Method3 al-
most is the same under the relatively low current bandwidth. In
addition, the value of the g-axis reference current is set from 3 to
6 A. When the current bandwidth increases, i.e., «; = 0.39 in the
first three methods and ov; = 0.68 in Method3, it can be seen that
the dynamic response speed becomes faster, but there exist larger
current overshoot and settling time in Methodl and Method2
compared with Method3 in Fig. 10, which can validate the
theoretical correctness of Fig. 6. In addition, the largest current
overshoot occurs in benchmark, which can indirectly testify
that the execution and modulation time delay can dramatically
deteriorate the system performance.

B. External Disturbance Rejection Performance Evaluation

This type of external disturbance is established by forcing a
sudden back electromotive (EMF) voltage jiw,. change in the
current loop feedforward path (see, e.g., [22, Figs. 15 and 16])
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while the dg-axis currents are set to 0 and 2 A, respectively, in
this article. The load system keeps 800 r/min speed. It should
be noted that since the sudden back EMF voltage change is
only applied in the g-axis voltage equation of SPMSM, d-axis
current performance can only be slightly affected due to the
dg-axis coupling mechanism. In order to make a fair comparison,
the same current bandwidth is set. In Fig. 11, it can be seen
that the maximum value of the g-axis current overshoot is in
Method2 and the minimum value of the g-axis currents settling
time is in Method3. In order to evaluate the disturbance rejection
performance of the proposed method, the approximate value of
the integrated error ¢ can be computed. Based on Fig. 11, (5 is
the smallest compared with (; and (o, and the test results can
satisfy the theoretical expectation of the disturbance rejection
analysis.

C. Parameter Disturbance Performance Evaluation

In this section, the SPMSM resistance, inductance, and rotor
flux linkage parameter mismatch is carried out. a; = 0.3 in the
first three methods and oy = 0.48 in Method3 are set to keep
the same current bandwidth and the SPMSM speed value is set
to 400 r/min. In Fig. 12, it can be observed that the disturbance
caused by resistance mismatch can dramatically affect the cur-
rent dynamic response performance of digital current controllers
with ARTF, and the lowest g-axis current overshoot and shortest
g-axis current settling time is in Method3. When the rotor flux
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TABLE II

06 05

(Q-AXIS CURRENT OVERSHOOT AND SETTLING TIME COMPARISON OF THE
FOUR METHODS

Parameter mismatch condition Benchmark ~ Methodl ~ Method2  Method3
Settling time under R = 3R 2.8ms 2.2ms 3.2ms 1.8ms
Settling time under R = 0.3Rs 3ms 2.9ms 2.3ms 1.7ms
Settling time under L = 1.5L 3.8ms 3.7ms 2.8ms 1.8ms
Settling time under L = 0.67L 1.6ms 3ms 2.7ms 1.6ms
Settling time under ¢ = 1.5¢,, 2.2ms 1.7ms 1.65ms 1.7ms
Settling time under ¢ = 0.671),  2.3ms 1.8ms 1.75ms 1.75ms
Overshoot under R = 3Rs 0.07A 0.5A 0.6A 0.26A
Overshoot under R = 0.3R; 0.3A 0.8A 0.5A 0.3A
Overshoot under L = 1.5 0A 0A 0A 0A
Overshoot under L = 0.67L 0.26A 0.42A 0.37A 0.48A
Overshoot under ¢ = 1.5¢m, 0A 0A 0.07A 0A
Overshoot under 1) = 0.67%, 0A 0A 0.1A 0A

linkage parameter mismatch occurs in Fig. 13, it can be seen that
the dynamic response of the four methods are almost unaffected.
The reason behind this is that the speed is relatively low and
the disturbance caused by the parameter mismatch ¢ = 1, is
relatively small. When the parameter mismatch condition that
L = 0.67L4 occurs, it can be seen that the ¢g-axis current over-
shoot of Method3 is larger than other methods, but the shortest
settling time is in Method3, as shown in Fig. 14. In order to fully
analyze the current performance under parameter mismatch in
the four methods, the g-axis current overshoot and settling time
comparison under different mismatch parameter conditions is
listed in Table II. From this table, it can be effectively validated
that Method3 is able to suppress parameter disturbances and has
the best current dynamic response under parameter mismatch.

D. Steady-State Performance Under Rated Speed Condition
and Current Loop Algorithm Computation Time Evaluation

To validate that the proposed digital current controller can be
applied under the SPMSM rated speed condition, the steady-
state current performance of the three methods under variable
speed condition is presented in Fig. 15. The values of the
dg-axis current are set to 0 and 3 A, respectively. It can be
observed that when the motor speed is increased from the low

o avay

(b)

dg-axis and a phase current performance of three methods from 100 to 1500 r/min motor speed. (a) Method1. (b) Method?2. (c) Method3.

TABLE III
COMPUTATION TIME OF THE FOUR METHODS

Benchmark  Methodl  Method2  Method3

Computation time  3.7us 8.8us 4. 1ps 10.8 s

speed 100 r/min to rated speed 1500 r/min, the magnitudes
of disturbances are increased. The dg-axis maximum variation
between the reference and measurement becomes larger, and
Methodl and Method3 almost have the same dg-axis maximum
variation, while the largest dg-axis maximum variation occurs
in Method2. The total harmonic distortion of the three methods
are 7.49%, 10.71%, and 7.86%, respectively. In addition, since
the system clock (200 MHz) of the overall system is based
on TMS320F28377 digital signal processor, the current loop
algorithm computation time of the four methods is listed in
Table III. From this table, it can be seen that the computation
time variation between Methodl and Method3 is only 2 us,
but the current performance including dynamic response and
disturbance rejection is dramatically enhanced.

VI. CONCLUSION

In digital current controllers with ARTF structure, it is able
to be experimentally applied to high performance industrial
applications due to owing the simple adjustable disturbance
rejection and exact ZOH equivalent discrete machine model.
The theoretical analysis and experimental results have shown
that the computation and execution time delay can negatively
affect the current performance in terms of pursing high current
bandwidth. To suppress the delay issue, an improved digital
current controllers with ARTF is proposed. The experimental
results have shown that the proposed digital current controller
with ARTF can reduce current overshoot and settling time
compared with other methods and the disturbance rejection is
further enhanced since the feedback delay of current loop is
compensated. Furthermore, the SPMSM parameter robustness
is improved based on the vector margin analysis and test results.
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The future perspective for this work can be listed as follows.
An exact ZOH equivalent discrete salient ac machine model
can be established and a universal digital current controller
with ARTF should be developed. Advanced modulation and
sampling techniques should be developed to further suppress
the modulation and execution delay.
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