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Abstract—Due to the simple structure and good distur-
bance rejection, the proportional-integral (PI) digital cur-
rent controller with active resistance term feedback (ARTF)
has been widely utilized in high-performance AC motor
drives such as EV powertrain. However, the complexity
of discrete-time AC machine model, current performance
degradation of the PI controller at high bandwidth condi-
tion, and ARTF digital delay effect lead to the difficulty
of design and tuning of the controller. To address these
issues, without employing current prediction mechanism,
a novel high damped digital current controller with ARTF
is proposed in this paper, which can achieve deadbeat dy-
namic response performance, possess strong disturbance
rejection with no overshoot in theory, suppress the ARTF
digital delay issue effectively, and own lower parameter
sensitivity. The effectiveness of the proposed controller is
fully validated through a practical AC machine drive test rig.

Index Terms—Active resistance term feedback, digital
controller, deadbeat response, EV powertrain, PI current
control.
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I. INTRODUCTION

A. Classical PI control with internal model control
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IN order to realize excellent machine torque performance,
current control methodologies have been developed in AC

machine drives to achieve high dynamic performance, good
disturbance rejection and strong parameter robustness [1]. Due
to the fast dynamic response, the predictive current control
methods have been getting wide attention within ten years [2].
However, the conventional predictive current control method is
strongly sensitive to the disturbance caused by the parameter
mismatch [3]. Due to the low calculation burden and good
parameter robustness, the PI current control method is most
commonly used in industrial applications. The PI coefficients
can be easily designed based on the internal model control
(IMC) principle [4], but axis-cross coupling terms will degrade
the PI current control performance. In this case, a state
feedback decoupling PI current controller was proposed, where
the imaginary part of the plant pole can be fully canceled by
the feedback variables [5]. In order to lower the sensitivity
to the parameter mismatch, the complex vector PI current
controller was developed, where a decoupling item that varies
with the speed is added to realize the dq-axis decoupling [6].
However, the disturbance rejection ability of the PI controller
is insufficient due to low stiffness and damping characteristics
of the plant [7], [8].

B. Delay issue in digital system for AC machines

Previously, these classical current control [4]–[6] were de-
signed based on the continuous-time model of AC machines.
However, with rapid growing development of digital systems
such as ARM, DSP, and FPGA microprocessors, the over-
all current performance will deteriorate with the designed
continuous-time model framework in digital systems when the
current regulator is tuned for high bandwidth or the operating
condition is under high fundamental excitation frequencies
relative to the sampling frequencies. The continuous-time
methods can be discretized by using approximated discretiza-
tion methods such as Euler approximation and Tustin approx-
imation, but it can cause AC machine parameter mismatch
with IMC principle [9]. Furthermore, the computation delay
and modulation delay caused by PWM were not considered.
To ease the negative impact, an exact zero-order hold (ZOH)
equivalent discrete PMSMs model considering the computa-
tion and modulation delay has been developed and attracted
widespread attention [10]. However, due to the existence of the
calculation of the matrix exponential, the exact model is com-
plicated, and its order is unnecessarily high. Therefore, many
methods focused on the model simplification were developed
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[11], [12]. Hinkkanen et al. applied the series expansion of 
the matrix exponential to simplify the model [11], and Hu et 
al. [12] proposed a simplified m odel f or s alient m achines by 
utilizing the series expansion to reduce the calculation.

In general, the approaches for improving the disturbance 
rejection are are dividied into two main items, i. e., disturbance 
observers [7] and active resistance term feedback (ARTF). The 
design and complexity of the ARTF is much simpler than that 
of the former method. The ARTF method was first developed 
in the continuous-time model, and widely used in the design of 
current and speed controllers [13]. However, it has been found 
that the computation and modulation delay has a negative 
effect on the ARTF structure, and as the strength of the ARTF 
increases, the easier poles approach the unit circle’ boundary, 
resulting in low damping and the current oscillation [14], [15].

A two-degree-of-freedom digital PI current control was 
proposed, where the optimum value for active resistance was 
derived to optimize the setting time and overshoot [14]. 
Vukosavic et al. proposed a digital current controller with 
an error-free sampling scheme based on the ARTF, where 
a delay model is added into the current control structure 
and it improved the disturbance rejection by extending the 
range of permissible value of the active resistance [16]. In 
addition, the prediction scheme was employed to suppress 
the ARTF delay effect [17]. In order to further improve the 
dynamic performance, an improved digital current controller 
with a digital IMC current estimator was proposed, where the 
predicted current is utilized as the ARTF delay compensation 
and feedback of the current controller simultaneously [18].

C. Motivation and Innovation

Motivated by these facts, abandoning the employment of the
current prediction, this paper proposes a novel framework of
digital current controller with ARTF, where deadbeat dynamic
response performance, strong disturbance rejection with no
overshoot in theory, and lower parameter sensitivity can be
achieved. The main innovations and contributions of this
work can be listed as follows: 1) Different from the PI
current controllers based on IMC methods, i.e., [13], [16], [17]
that the system will occur the overshoot with high value of
bandwidth, a novel framework of the digital current controller
can improve the dynamic response performance and achieve
deadbeat response, where the closed-loop transfer function can
still be a first-order system and it can achieve high dynamic
response performance, and parameter robustness performance.
2) Without employing any current prediction mechanism, i.e.,
[17], [18], a high-damped framework is first proposed to to
suppress the negative impact of the ARTF delay on system and
the current response performance are analysed in detailed. The
proposed framework can extend the range of permissible value
of the active resistance without compromising stability and
reduce the current oscillation caused by the ARTF delay. 3) To
optimize the digital implementation and perform anti-windup
control, a proportional-integral-inertia (PIN) framework is
proposed in detail and the computational burden becomes low.
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6
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6
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6

2|U|
3

,
2|U|
3

,− 4|U|
3

III 3π
6
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6
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6
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6
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3
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6
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6
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3

,
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3

VI 9π
6
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3
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3
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D. Paper Organization

This paper is organized as follows. Sections II presents
continuous-time and an exact ZOH equivalent discrete-time
AC machines models. The proposed deadbeat current con-
troller framework is described in Section III. In Sections IV,
four classical current control algorithms are compared in AC
machine drive test rig. Finally, Section V concludes this paper.
‘

II. EXACT ZOH EQUIVALENT DISCRETE-TIME AC
MACHINES MODEL

A. Continuous-time modeling for AC machines

In order to obtain excellent machine torque performance, an
inverter nonlinearity should be compensated such as classical
look-up-table (LUT) solution: The three-phase distorted volt-
ages U

′

a, U
′

b, U
′

c caused by inverter nonlinearity can be derived
as follows [19], [20]:

U
′

a = |U |
3 [2tanh (ia)− tanh (ib)− tanh (ic)]

U
′

b =
|U |
3 [2tanh (ib)− tanh (ia)− tanh (ic)]

U
′

c =
|U |
3 [2tanh (ic)− tanh (ia)− tanh (ib)]

(1)

where ia, ib, ic are A, B and C phase stator currents, respec-
tively. Vdc is the dc bus voltage. tanh is the hyperbolic tangent
function as same as arctan function [21]. The distorted voltage
|U | caused by the inverter nonlinearity can be compensated
based on self-commissioning scheme [22]. The dq-axis dis-
torted voltages matrix U

′

dq can be obtained based on Clarke
and Park transform of U

′

a, U
′

b, U
′

c. Since the position of the
current vector is 90 degrees ahead of the AC machine electrical
angle θe, the relationship between θe and distorted voltages
U

′

a, U
′

b, U
′

c can be presented in Table I. After compensating
for the inverter nonlinearity, the ideal continuous-time model
of AC machines in synchronous frame can be presented as
follows [7]:

Udq = Li̇dq +Ridq +C + edq (2)

where L =

[
Ld 0
0 Lq

]
, R =

[
Rs 0
0 Rs

]
, C =

[
−ωeLqiq
ωeLdid

]
,

Udq =

[
Ud

Uq

]
, idq =

[
id
iq

]
. It should be noted that Rs

stands for the estimation of the whole series resistance (motor
and inverter). Decoupling of C + edq allows synchronous or



asynchronous machines to be modeled by using a resistor-
inductor (RL) load model, and if C is not decoupled, it will 
be added in the AC machines model.

B. Delay issue in digital system and exact ZOH equiva-
lent discrete-time AC machines model

In order to provide sufficient t ime f or t he e xecution of 
control method in digital systems, the PWM reference up-
dating is normally delayed , and this produces an execution 
delay [10]. Neglecting the oversampling techniques, there are 
generally four PWM updating and current sampling schemes, 
namely, symmetrical PWM with sampling at the start each 
carrier period (SPWMS), asymmetrical PWM with sampling 
at the start and in the middle of each carrier period (APWMD), 
symmetrical PWM with sampling in the middle of each carrier 
period (SPWMM), and asymmetrical PWM with sampling at 
the start each carrier period (APWMS). The execution delay 
time varies with different PWM updating and current sampling 
patterns, i.e., the execution delay is one 1Ts delay for SPWMS 
and APWMD, and 0.5Ts execution delay for SPWMM and 
APWMS. To simplify the digital system, the SPWMS is 
employed in this paper. It should be noted that the proposed 
current control universal for other PWM updating and current 
sampling schemes. Considering edq as a load disturbance, the 
transfer function of exact ZOH equivalent discrete-time AC 
machines model Gp0 (z) can be expressed as follows [12]:

Gp0 (z) =
idq (z)

Udq (z)
=

∆

z (zI − Γ )

∆ =L−1

∫ Ts

0

e−(
R
L +Jωe)τeJωeτdτe−2JωeTs

Γ =L−1e−(
R
L +Jωe)TsL

(3)

where I is the identity matrix, i.e., I =

[
1 0
0 1

]
, J =[

0 −1
1 0

]
, the matrix exponential eJx =

[
cosx − sinx
sinx cosx

]
.

III. PROPOSED DEADBEAT CURRENT CONTROLLER
FRAMEWORK

A. ZOH equivalent discrete-time model with ARTF simpli-
fication

The exact ZOH equivalent discrete-time model is built, and
the computational delay is taken into account. However, it can
be seen from (3) that the exact discrete-time model involves
the calculation of the exponential matrix, which is complicated
and has the unnecessarily high order [11]. As a results, it
leads some difficulty to the design of the controller and is
not suitable for low cost practical system due to the large
calculation burden. Hence, it is necessary to build a simplified
model with series expansion of the matrix exponential (3):

eATs = I +ATs +
A2

2!
T 2
s + · · ·A

n

n!
Tn
s

(4)

where n represents the order number of the series expansion
of matrix exponential. In this paper, n = 1 is adopted. The
transfer function of Gp1 (z) can be expressed as follows:

Gp1 (z) =
idq (z)

Udq (z)
=

∆

z (zI − Γ )

∆ =L−1

∫ Ts

0

e−(
R
L +Jωe)τeJωeτdτe−2JωeTs

=

[
Ts

Ld
0

0 Ts

Lq

]
e−2JωeTs

Γ =L−1e−(
R
L +Jωe)TsL =

[
1− Rs

Ld
Ts

Lq

Ld
Tsωe

−Ld

Lq
Tsωe 1− Rs

Lq
Ts

]
(5)

Due to the low stiffness and damping characteristics of the
plant, the active resistance term feedback (ARTF) is widely
used to improve the disturbance rejection performance [6].
Hence, the simplified ZOH equivalent discrete-time model
Gp2 (z) with ARTF can be derived as follows:

Gp2 (z) =
idq (z)

Udq (z)
=

Gp1 (z)

I + FGp1 (z)

=

∆
z(zI−Γ )

I + ∆
z(zI−Γ )

=
∆

z (zI − Γ ) +Ξ

Ξ =

[
Ra

Ld
Ts 0

0 Ra

Lq
Ts

]
F =

[
Ra 0
0 Ra

] (6)

where F is the symmetric matrix of the active resistance Ra,
i.e., F = RaI . Gp2 (z) represents the AC machine model with
the inner active resistance feedback, which contains the AC
machine model transfer function Gp1 (z) , the transfer function
of the feedback path, and the active resistance feedback F .

B. Deadbeat response current controllers with ARTF

To better elaborate the ARTF structure, three previous digi-
tal current controllers with ARTF are illustrated here, namely
digital current controller with ARTF by predicted current [17],
digital current controller with ARTF by current estimator [18]
and IMC digital current controller with ARTF [16].

1) Digital current controller with ARTF by predicted current
[17] and digital current controller with ARTF by current esti-
mator [18]: Since the modulation and computation delay can
affect the pole-zero cancellation [14], the prediction scheme is
adopt herein. These two methods have same structure of AC
machines model and controllers, and the latter further employs
the predicted current for feedback of the current controller. In
addition, the predicted current ̂zidq (z) is obtained based on
AC models in [17] and acquired in proposed current estimator
in [18]. In these methods, Gp2 (z) can be rewritten as:

Gp3 (z) =
idq (z)

Udq (z)
=

∆

z (zI − Γ +Ξ)
(7)

The feedback controller Gc3 (z) can be designed according to
pole-zero cancellation as follows:

Gc3 (z) = αLT−1
s e2JωeTs

(
I − z−1Γ + z−1Ξ

) z

z − 1
(8)
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Fig. 1. Block diagrams of three previous digital current controllers with
ARTF (a) Digital current controller with ARTF by predicted current. (b)
Digital current controller with ARTF by current estimator. (c) IMC digital
current controller with ARTF.

where α is the angular frequency of the current controller.
2) IMC digital current controller with ARTF: A delay model

is added to suppress the ARTF delay issues [16]. Considering
the inherent delay model z−1, Gp2 (z) can be rewritten as:

Gp4 (z) =
idq (z)

Udq (z)
=

∆

z (zI − Γ + z−1Ξ)
(9)

The internal model control (IMC) method fundamentally in-
volves incorporating the inverse of the plant transfer function
(excluding any delays and zeros located in the right-half plane)
into the controller structure [4]. In the particular case of
current command tracking with PI controllers in AC machines,
it is achieved by cancelling the pole of the plant transfer
function of the AC machine by a matching zero in the current
controller [14]. Hence, according to the pole-zero cancellation,
the inherent delay model z−1 need to be added into the
structure of the current controller [16]. In this way, the current
controller should be designed as G−1

p4 (z)x (z) y (z) based on
the IMC method, where x (z) is an adjustable model based on
a plant. In order to build the second-order closed-loop current
system transfer function, the discrete-time model y (z) need
to be designed as zα

z−1 and the x (z) should equal to z−2 to
make a causal system in the current controller. In this case,
the current controller Gc4 (z) can be presented as follows:

Gc4 (z) = αLT−1
s e2JωeTs

(
I − z−1Γ + z−2Ξ

) z

z − 1
(10)

The prediction scheme was employed in [17] and [18] to
change the plant of AC machines to suppress the ARTF
digital delay issue. However, the predictive current control
relies heavily on the accuracy of the AC machine parameters
[23]. Parameter mismatches can prevent [17] and [18] from
correctly altering the plant of the virtual AC machine model,
which in turn affects the pole-zero cancellation. In addition,
since the feedback path of the active resistance in [17] and
[18] is z ̂idq (z)F , where one-step operator z is implemented
using the predictive control. Hence, the parameter mismatch
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Fig. 2. Block diagrams of dynamic response evaluation (Conditions:
Ts = 100 µs, System bandwidth: 1.2× 104 rad/s ).

can also affect the optimum value of active resistance, and the
disturbance rejection of the overall system can be affected. In
contrast, the method in [16] did not employ the prediction
scheme, it only added the inherent delay into the digital
current controller. Therefore, compared with the digital current
controller with ARTF by prediction scheme, this method
can achieve enhanced dynamic response due to better pole-
zero cancellation and lower parameter sensitivity. The block
diagrams of three above-mentioned digital current controllers
are shown in Fig. 1 and Φ = LT−1

s .
3) Proposed deadbeat current controller with ARTF: In the

previous method [14], [16], [17], the current controller is
designed based on the IMC principle to achieve the pole-
zero cancellation and good dynamic response performance
[4]. Therefore, the closed-loop current system transfer function
Gcl1 (z) is built as the second-order system:

Gcl1 (z) =
idq (z)

irefdq (z)
=

Gp4 (z)Gc4 (z)

1 +Gp (z)Gc4 (z)

=

αTs

(z−1)z

1 + αTs

(z−1)z

=
αTs

z2 − z + αTs

(11)

However, it can be seen from Fig. 2 and (11) that under
the high system bandwidth condition, the closed-loop transfer
function between the output current and the reference current
Gcl1 (z) will become the underdamped second-order system,
resulting in the current overshoot and oscillations. In [18], the
closed-loop current system transfer function Gcl2 (z) is built as
the first-order system since the predicted current is utilized as
the ARTF delay compensation and the feedback of the current
controller at the same time:

Gcl2 (z) =
idq (z)

irefdq (z)
=

Gp3 (z)Gc3 (z)

1 + zGp3 (z)Gc3 (z)

=
αTs

z2 − z + αTsz
=

αTs
z − 1 + αTs

Ts Delay

1̂

z

(12)

It can be seen from (12) and Fig. 2 that the predicted current
was employed for the feedback of the current controller, i.e.,
the gain of the feedback path is the one-step lead operator z,
the closed-loop transfer function Gcl2 (z) is changed to the
first order system, and there is no current overshoot with the
high system bandwidth when the pole is located in the stable



region. The dynamic response is improved and the ARTF 
delay can be suppressed based on this structure. However, 
the predictive current control relies heavily on the accuracy 
of AC machine parameters. Parameter mismatches can affect 
the accuracy of current prediction, resulting in the closed-
loop transfer function that deviates from the desired structure 
[24]. Besides, the design process of the current estimator is 
complicated.

Motivated by this fact, since the transfer function of the AC 
machine model Gp2 (z) has already known, instead of using 
the prediction scheme, the proposed current controller Gc5 (z) 
can be designed directly based on Gcl2 (z) as follows:

Gcl2 (z) =
Gc5 (z)Gp2 (z)

1 +Gc5 (z)Gp2 (z)
=

αTs
z − 1 + αTs

· 1
z

Gc5 (z) =
αTs

(z2 + z (αTs − 1)− αTs)G
−1
p2 (z)

=
z2 − zΓ +Ξ

z2 + αTsz − z − αTs
Lαe2JωeTs

(13)

In this way, the closed-loop transfer function can still be a
first-order system, which can achieve high dynamic response
performance while has better parameter robustness perfor-
mance and easier design process compared to the prediction
scheme.

C. Deadbeat response current controller with high-
damped structure

1) Disturbance rejection evaluation of the proposed current
controller with ARTF: In order to further investigate the effect
of ARTF on the disturbance rejection and current response,
the disturbance rejection transfer Gd1 (z), i.e., the transfer
function of the current response idq (z) produced by the
disturbance Ddq (z) in the proposed structure can be derived
as follows:

Gd1 (z) =
idq (z)

Ddq (z)
=

Gp4 (z)

I +Gc5 (z)Gp4 (z)

=
∆

(
z2 + z (αTs − 1)− αTs

)(
z2 − z + αTsz

)︸ ︷︷ ︸
Gd A(z)

(
z2I − zΓ +Ξ

)︸ ︷︷ ︸
Gd B(z)

(14)

It can be seen from (14) that Gd 1 (z) has two parts of the
characteristic polynomial, the poles of Gd A (z) is consistent
with the dynamic response transfer function, and the poles
of Gd B (z) are influenced by active resistance Ra. The
poles trajectory of Gd B (z) and step response plot of the
disturbance rejection transfer function with varying Ra are
shown in Fig. 4. It can be clearly seen that as Ra increases,
the poles move towards the region of the low damping and
high natural frequencies, and is getting closer to the boundary
of the unit circle. The poles with high natural frequency can
achieve a quick response to the disturbance to improve the
disturbance rejection. However, being close to the boundary of
the unit circle will cause low damping ratios and the current
oscillation. In addition, the stability of the system will suffer
when the value of Ra is too high.

2) High-damped structure design: In order to suppress
the negative impact of the ARTF delay on the system and

the current response, a compensation term is developed to
reconstruct the AC machine model virtually to address these
issues. The block diagram of the proposed framework is shown
in Fig. 3, where the term Gcom (z) = z

z+σ is added before the
ac machine model to rebuilt the system to suppress the digital
delay issue caused by the active resistance term feedback. In
this way, the transfer function of the discrete-time AC machine
model Gp5 (z) with the compensation term can be derived as
follows:

Gp5 (z) =
idq (z)

Udq (z)
=

Gcom (z)Gp1 (z)

I + FGcom (z)Gp1 (z)

=

z
z+σ

∆
z(zI−Γ )

I + F z
z+σ

∆
z(zI−Γ )

=

∆
(z+σ)(zI−Γ )

I + Ξ
(zI−Γ )(z+σ)

=
∆

(z + σ) (zI − Γ ) +Ξ

(15)

Since the transfer function of the ac machine model with
the proposed compensation term Gp5 (z) in the discrete-time
domain has already known, the transfer function of the current
controller Gc6 (z) can be designed based on Gcl (z) to achieve
the good dynamic response performance:

Gcl2 (z) =
idq (z)

irefdq (z)
=

Gc6 (z)Gp5 (z)

1 +Gc6 (z)Gp5 (z)

=
αTs

z − 1 + αTs
· 1
z

Gc6 (z) =
z2I + z (σI − Γ )− σΓ +Ξ

z2 + zαTs − z − αTs
Lαe2JωeTs

(16)

In terms of the disturbance rejection performance evaluation,
the disturbance rejection transfer function of the proposed
structure Gd2 (z) can be presented as follows:

Gd2 (z) =
idq (z)

Ddq (z)
=

Gp5 (z)

I +Gc6 (z)Gp2 (z)

=
∆

(
z2 + z (αTs − 1) z − αTs

)(
z2 − z + zαTs

)︸ ︷︷ ︸
Gd C(z)

((z + σ) (zI − Γ ) +Ξ)︸ ︷︷ ︸
Gd D(z)

(17)

It can be seen from (17) that the Gd2 (z) has the same
part Gd C (z) with Gd1 (z) which is identical to the dynamic
response transfer function, and the poles of Gd D (z) is
influenced by active resistance Ra. Fig. 5 depicts the poles
migration and the step of the disturbance rejection transfer
function with varying Ra, and the same system bandwidth and
dynamic response performance are set. It can be clearly seen
from Fig. 5 (a) that the pole of Gd D (z) moves towards the
center of the unit circle as the active resistance Ra increases
within a specific range. Hence, the dynamic response and
disturbance rejection are improved simultaneously since the
damping ratio and natural angular frequency increase with Ra.
Therefore, the range of permissible value of Ra is extended
without compromising system stability and the oscillation.
Moreover, since the compensation term does not require
any machine parameter, the proposed current controller can
achieve better parameter robustness compared to the digital
current controller with ARTF by the prediction scheme.
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Fig. 5. Simulation plot of disturbance rejection evaluation (Conditions:
Ts = 100 µs, α = 0.19). (a) Poles migration of Gd D (Ra increase,
σ = 0.8.). (b) Poles migration of Gd D (Ra increase, σ = 0.2.).

D. Three coefficients design and analysis in the deadbeat
response current control framework ( β,Ra, σ)

1) Dynamic response coefficient: β. Setting β = αTs to
simplify the controller and β can be determined by the desired
dynamic response performance. In z domain, the system are
stable when all poles are located in a unit circle. Hence,
β need to be satisfied as β ∈ [0, 1]. Furthermore, setting
β = 1, the closed-loop transfer function Gcl2 (z) will become
Gcl2 (z) = z−2, and it has the same dynamic characteristic
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Fig. 6. Simulation plot of disturbance rejection evaluation (Conditions:
Ts = 100 µs, α = 0.19). (a) Bode diagram of Gd2 (z) with various Ra.
(b)Bode diagram of Gd2 (z) with various σ.

with DPCC [7]. Hence, it can be fully illustrated the proposed
digital current controller can achieve the deadbeat response. In
addition, the detailed stability criteria with β can be referred
to [7].

2) Middle frequency disturbance rejection ability coeffi-
cient: Ra. The increasing of the value of Ra can improve
middle-frequency disturbance rejection ability. However, ex-
cessive Ra can cause low damping ratios and current oscil-
lations. In this case, the optimal value of Ra can be equal
to the proportional gain of the current controller [14], [18].
Therefore, Ra can be set as βAT−1 in this paper.

3) High frequency disturbance rejection ability coefficient:
σ. It can be seen from Fig. 6 that the high-frequency distur-
bance rejection ability is influenced by parameter σ. Based
on the stability principle, σ need to be satisfied as σ ∈ [0, 1].
By comparing Fig. 4 (a) and Fig. 5. (b), it can be seen that
the smaller σ becomes, the closer the trajectory of the pole of
Gd D (z) moves towards Gd B (z). It can be seen from Fig. 6
that the increase of the parameter σ can suppress the overshoot
of the current step response and the current oscillation caused
by ARTF, but the high-frequency disturbance rejection ability
of the system decreases. Therefore, σ = 0.95 is considered
as the optimal value in this paper. The effect of σ5 will be
verified in the experiment.
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Fig. 8. The experimental platform of the AC machine drive system.

E. PIN structure digital implementation

Aiming at reducing the computation burden of the digital
implementation of the proposed current controller and per-
forming the anti-windup control method, a PIN structure digi-
tal implementation is proposed in this paper. The PIN structure
can be described by three parts: proportional (P), integral (I)
and inertia (N). The transfer function of the proposed current
controller Gc6 (z) can be rewritten as follows:

Gc6 (z) =
βL

Ts
+

β

β + 1
[R (1 + σ) + JωeL (1 + σ) + F ]

1

z − 1

+
β

β + 1

[(
R− βL

Ts

)
β − βL

Ts
+ σ

(
β + 1

Ts

)
− F

−σR+ JωeL (β − σ)]
1

z + β
(18)

Due to the existence of integral term, the back-calculation anti-
windup method is adopted [4]. The digital implementation of
the proposed PIN current controller is shown in Fig. 7 and the
digital kth expression can be presented as follows:

δdq (k) =i
ref
dq (k)− idq (k) , Pdq (k) = βLT−1

s δdq (k)

Idq1 (k) =
β

β + 1
[R (1 + σ) + JωeA (1 + σ) + F ] δdq (k)

Idq (k) =Idq1 (k − 1) + Idq (k − 1)

Ndq1 (k) =
β

β + 1

[(
B − βA

Ts

)
β − βA

Ts
+ σ

(
β + 1

Ts

)
− F −σR+ JωeL (β − σ)] δdq (k)

Ndq (k) =Ndq1 (k − 1)− βNdq (k − 1)

Udq1 (k) = (Pdq (k) + Idq (k) +Ndq (k)− F idq (k))

− σUdq1 (k − 1)

Udq (k) = (Udq1 (k) + edq (k)) e
2JωeTs

(19)
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Fig. 9. The current dynamic response of three methods. (a) Method1;
(b) Method2; (c) Method3; (d) Method4 with σ = 0.95; (e) Method1;
(f) Method2; (g) Method3; (h) Method4 with σ = 0.95; (i) Method4 with
σ = 0.5; (j) Method4 with σ = 0.1.

IV. EXPERIMENTAL VERIFICATION

In order to better validate the properties of the proposed con-
troller (Method4), IMC digital current controller with ARTF
[16] (Method1), the digital current controller with ARTF by
predicted current [17] (Method2), and the digital current con-
troller with ARTF by the current estimator [18] (Method3) will
be compared in this section. The AC machine test platform is
shown in Fig. 8. In the platform, two PMSMs are used as drive
AC machine and load AC machine, respectively. The inverter
is designed based on two level voltage source with silicon
carbide modules. The controller DSP (TMS320F28377d) is
adopted to execute control algorithms. The sampling time Ts
is set as 100 µs and the deadtime of the inverter is set as 2.5
µs. For the AC machine, Ld = 1.8 mH, Lq = 1.8 mH, and
Rs = 0.6 Ω. In addition, the AC machine has 4 pole pairs
with a rotor flux linkage ψf of 0.15 Wb.

A. Dynamic Response Performance Evaluation
Since dynamic performance is very crucial for design of

controllers, the dynamic response performance is tested first.
Because β can determine the system bandwidth (see Fig. 2,
point -3 dB), i.e., the time when the maximum value of
the measured current is approximately 0.707 times of the
maximum value of the referenced current [18]. Therefore, in
order to obtain the same system bandwidth and make a fair
comparison, β = 0.44 in Method1 and Method2, and β = 0.64
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Fig. 10. The current dynamic response of three methods under pa-
rameter mismatch. (a) Method1 with LdC = 1.5Ld, LqC = 1.5Lq ;
(a) Method2 with LdC = 1.5Ld, LqC = 1.5Lq ; (c) Method3 with
LdC = 1.5Ld, LqC = 1.5Lq ; (d) Method4 with LdC = 1.5Ld, LqC =
1.5Lq ; (e) Method1 with LdC = 0.67Ld, LqC = 0.67Lq ; (f) Method2
with LdC = 0.67Ld, LqC = 0.67Lq ; (g) Method3 with LdC =
0.67Ld, LqC = 0.67Lq ; (h) Method4 with LdC = 0.67Ld, LqC =
0.67Lq .

in Method3 and Method4. In the evaluation, the load machine
keeps the constant speed and the q-axis reference current is
applied from 1 A to 3 A. It can be seen from Fig. 9 (a) (b) (c)
(d) that the four current controllers have the same rising time.
However, Method1 and Method2 occur overshoot (11.6 % and
12.3 %, respectively.), and there is no overshoot in Method3
and Method4. When the current bandwidth increases, i.e.,
β = 0.51 in Method1 and Method2, and β = 0.67 in Method3
and Method4. It can be seen that Method 1 and Method 2 show
the larger overshoot, but Method3 and the proposed current
controller still have no overshoot. Hence, the proposed current
controller can achieve good dynamic response performance
without employing the prediction scheme.

Furthermore, in order to validate the selection method of
the parameter σ, the experiment of different values of σ is
carried out. It can be seen from Fig. 9 (i) (j) that although the
current has no overshoot, the system occurs the oscillation as
σ decreases. Hence, the theoretical analysis of Section II.C can
be verified, i.e., the poles being close to the boundary of the
unit circle will cause system low damping ratios and current
oscillations, and σ can determine the location of the poles.
Therefore, the proposed digital current controller can suppress
ARTF delay effect on the system effectively by tuning σ.

B. Parameter Robustness Performance Evaluation

Due to the magnetic saturation, the inductance mismatch
can easily occur during current changes. Hence, the inductance
mismatch is carried out first. In addition, in order to make a

TABLE II
CURRENT OVERSHOOT AND SETTLING TIME COMPARISON

OF THE FOUR METHODS

Parameter mismatch condition Method 1 Method 2 Method 3 Method 4

Settling time under RC = 2Rs 1.1 µs 1.2 µs 1 µs 1 µs
Settling time under RC = 0.5Rs 2.1 µs 2.1 µs 2 µs 1.9 µs
Settling time under ψfC = 2ψf 2.2 µs 2.7 µs 2.2 µs 2 µs
Settling time under ψfC = 0.5ψf 2.3 µs 2 µs 1.8 µs 1.6 µs
Overshoot under RC = 2Rs 0 A 0 A 0 A 0 A
Overshoot under RC = 0.5Rs 0 A 0 A 0 A 0 A
Overshoot under ψfC = 2ψf 0.11 A 0.16 A 0 A 0 A
Overshoot under ψfC = 0.5ψf 0.18 A 0.12 A 0 A 0 A
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Fig. 11. Disturbance rejection ability performance of three methods. (a)
Method1; (b) Method2; (c) Method3; (d) Method4.

fair comparison, the low bandwidth, i.e., β = 0.25 in Method1
and Method2, and β = 0.37 in Method3 and Method4 are set
to keep the same current dynamic response. It can be seen
from Fig. 10 that the inductance mismatch can dramatically
affect the current dynamic response performance. In the case
of the reduced inductance, all four current controllers occurs
the noticeable oscillation. However, the setting time (1.3 ms)
and amplitude of the oscillation of proposed controller is lower
than the Method1 (1.6 ms), Method2 (1.7 ms) and Method3
(1.5 ms). In addition, Method3 occurs the largest overshoot.

In the case of the increased inductance, the dynamic re-
sponse of the four controllers becomes slower and occurs
the overshoot. Although the proposed controller has the same
settling time with Method1, the overshoot is much lower
than Method1. Furthermore, in order to fully analyze the
performance under parameter mismatch in the three methods,
the overshoot and settling time of the q-axis current are listed
in Table II. From this table, it can be effectively verified that
the proposed method is able to suppress the disturbance caused
by parameter mismatch and has the best dynamic response
performance under parameter mismatch conditions compared
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Fig. 12. The steady-state performance with severe parameter mis-
match. (a) Method1; (b) Method2; (c) Method3; (d) Method4.

to other methods.

C. Disturbance Rejection Performance Evaluation

Disturbance rejection ability is a critical factor in evaluating
a digital current controller. Hence, the experiment of the
external disturbance rejection performance of the three current
control methods are carried out in this section. This type of
external disturbance is built up by forcing a sudden back EMF
change in the current loop feedforward route (see, e.g., [19,
Figs. 11], [7, Fig. 15]) and d-axis current can only be affected
lightly due to the dq-axis coupling mechanism. The dq-axis
reference currents are set to 0 A and 2 A, respectively, and
the load machine keeps 400 rpm speed. In addition, the same
system bandwidth and dynamic response performance are set
in three current control methods to make a fair comparison. It
can be seen from Fig. 11 that although the Method1 has the
shortest settling time (1.6 ms) compared to other methods
(2.36 ms in Method2, 2 ms in Method3 and 1.9 ms in
Method4), the overshoot in Method4 (80 %) is much lower
than Method1 (96 %) and Method2 (98 %), and Method3 (89
%). Therefore, it can be validated that the proposed current
control method is able to suppress the external disturbance
effectively.

Fig. 13. Frequency domain analysis of the current oscillation. (a)
Method1; (b) Method2; (c) Method3; (d) Method4.

D. Steady-State Performance Evaluation Under Variable
Speed Condition

Aiming at testing the steady-state performance under vari-
able speed condition and further verifying the parameter
robustness of the proposed controller, the drive machine works
under severe parameter mismatch condition, i.e., LdC =



TABLE III
COMPUTATION TIME OF THE FOUR CURRENT CONTROL

METHODS

Method 1 Method 2 Method 3 Method 4

Computation time 8.56 µs 11.2 µs 12.1 µs 6.72 µs

1.5Ld, LqC = 1.5Lq, RC = 2Rs, ψC = 1.5ψf , and
setting the dq-axis reference current to 0 A and 3 A, re-
spectively.The speed of the load machine is increased from
400 rpm to 900 rpm suddenly, and the system bandwidth
in three methods keeps same to make a fair comparison. In
addition, it should be noted that the magnitudes of disturbance
is further increased due to the flux linkage mismatch. It can
be observed from Fig. 12 that all four current control methods
can keep the system stability. However, all four current control
methods occur the current oscillations and dq-axis cross-
coupling phenomenon due to the inductance mismatch [4].
It can be seen that Method1 has the similar settling time
and magnitudes of oscillation compared to Method2. The
regulation time of Method3 is similar to that of Methods1 and
Method2, but the oscillation amplitude of Method3 is reduced.
Method4 has the shortest settling time and occurs the minimal
oscillation compared to other methods. The frequency-domain
analysis of the current oscillation is depicted in Fig.13. The
proposed controller can maintain the current more effectively
and exhibits lower overshoot during oscillations. As a result,
the amplitude of the fundamental frequency in the frequency
spectrum is significantly lower than that of other current
controllers. Furthermore, it can be seen that the high-frequency
components of the oscillating current in the proposed current
controller are reduced compared to other current controllers.

E. Computational Burden Evaluation
For the digital current controller, it is essential to know the

computation time of the control algorithm. Table III shows
the computation time of three control methods. It can be seen
that the computation time of the proposed method is 6.72 µs,
which is shorter than other methods (8.56 µs in Method1, 11.2
µs in Method2, and 12.1 µs in Method3). In addition, since the
system control period is set to 100 µs in the experiment, the
computational time of the proposed method only occupies no
more than 0.07 of the control period. Therefore, it can be fully
validated that the proposed method has low computational
burden and can be utilized in practice.

V. CONCLUSION

In this paper, a novel framework of digital current controller
based on ARTF structure is proposed to solve the issues
that the complexity of the exact discrete-time AC machine
model, the performance degradation of the PI controller at the
high bandwidth, and the ARTF delay effect on the current
response. First, the control delay caused by the digital system
and the ARTF delay effect on the system are analyzed in detail.
Meanwhile, the parameter tuning method and simplification of
the proposed controller are carried out theoretically. Finally,

the proposed current controller are verified on the dual AC
machine platform. The experimental results shows that the
proposed digital current controller can reduce the current
overshoot and settling time, possess best disturbance rejection
ability and parameter robustness performance compared to
other methods. Furthermore, the proposed controller has the
lower computational burden than other methods. Hence, the
proposed digital current controller can be implemented in high
performance and high power applications.

The future perspective for this work can be listed as follows.
The conjugate poles introduced by ARTF can cause the
oscillation response, the new framework will be investigated
to eliminate this oscillation problem completely. Advanced
modulation and sampling techniques should be developed to
further suppress the digital delay.
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