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Abstract—In this paper an improved stationary-frame AC
current controller based on the proportional-integral-resonant
control action (PIR) is proposed. Namely, the novel twoparameter PIR controller is applied in the stationary-frame
AC current control, accompanied by the corresponding
parameter-tuning procedure. In this way, the proportionalresonant (PR) controller, common in the stationary-frame AC
current control, is extended by the integral (I) action in order
to enable the AC current DC component tracking, and, also, to
enable the DC disturbance compensation, caused by the
voltage source inverter (VSI) nonidealities and by nonlinear
loads. The proposed controller parameter-tuning procedure is
based on the three-phase back-EMF-type load, which
corresponds to a wide range of AC power converter
applications, such as AC motor drives, uninterruptible power
supplies, and active filters. While the PIR controllers
commonly have three parameters, the novel controller has two.
Also, the provided parameter-tuning procedure needs only one
parameter to be tuned in relation to the load and power
converter model parameters, since the second controller
parameter is directly derived from the required controller
bandwidth value. The dynamic performance of the proposed
controller is verified by means of simulation and experimental
runs.
Index Terms—closed loop systems, control design, current
control, induction motors, inverters.

I. INTRODUCTION
AC current controllers represent a basis for various
applications in small, mid, and large power range
applications, including AC motor drives, uninterruptible
power supplies, and active power filters. Depending on the
particular application, dynamic performance requirements of
the AC current controller may vary. Nevertheless, the AC
current controllers need to enable: (i) asymptotic AC current
reference tracking for variable reference frequencies and
amplitudes; (ii) fast response speed determined by the
application-specific requirements; (iii) compensation of both
fundamental and higher harmonic disturbances related to
different types of loads; (iv) compensation of the time
delays introduced by current sampling and output voltage
updating techniques, typical for the voltage source
converters (VSC) based on the pulse width modulation
(PWM); (v) control of the VSC switching frequency, in
order to prevent the converter operation with the
unacceptably high frequency values; and (vi) compensation
of a DC disturbance introduced in the control loop by the
VSC nonidealities and nonlinear loads.
In order to meet the outlined performance requirements
1
This work was supported by the Ministry of Education and Science of
the Republic of Serbia.

several types of solutions have been proposed in the
literature, which can be classified into two basic groups in
[1-2]: nonlinear and linear controllers. The group of
nonlinear solutions is represented by the hysteresis or bangbang AC current controllers in [1]. Although it enables fast
and very accurate reference tracking, the problem related to
hysteresis control is that, if not managed, it can operate with
variable and usually unacceptably high switching
frequencies. However, hysteresis-based AC current
controllers are proposed with adaptive hysteresis bands in
[3-4] that can partially solve this problem.
Linear solutions can be classified into two major groups,
stationary and synchronous-frame based solutions,
represented by the following common types of controllers:
(i) stationary-frame based PI controllers; (ii) stationaryframe proportional-resonant (PR) controllers, (iii)
stationary-frame reduced order generalized integrator
(ROGI) based controllers, (iv) stationary and synchronousframe based controllers with the back-EMF compensation,
(v) internal model control (IMC) based solutions, (v)
predictive controllers, (vi) dead-beat controllers, (vii) state
feedback based controllers, (viii) synchronous-frame based
PI controllers, with or without the compensation of the
coupling between the reference frame axes, and (ix)
synchronous and stationary-frame based proportionalintegral-resonant (PIR) controllers.
Stationary-frame based PI controllers in [5] represent the
basic linear structure, used in both analog and digital
implementations of linear AC current controllers. Namely,
in [5], typical problems and corresponding solutions related
to AC current controllers used with the three-phase backEMF-type load are outlined: (i) the time delay related
controller dynamic performance deterioration, (ii) the choice
of the controller crossover frequency 1 related to the PWM
switching frequency and required phase margin values, and
(iii) the modeling of the load and the VSI. Nevertheless, the
main shortcoming of the stationary-frame based PI is that it
does not enable asymptotic reference tracking.
Consequently, to overcome this obstacle, several different
stationary-frame based solutions have been proposed,
including the PR based controllers in [5–7], which enable
asymptotic reference tracking. However, the lack of integral
action in PR controller results in the fact that it is not able to
compensate the DC current component, i.e., the DC
disturbances introduced in the control loop by the nonideal
VSI characteristics and nonlinear loads.
Similar to PR solutions, in [1, 8-9] reduced-order
generalized integrator (ROGI) solutions are proposed, which
represent the synchronous-frame based PI regulator
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transformed into the stationary-frame.
In order to improve the reference tracking and DC
disturbance compensation, for some types of three-phase
loads (for example, for the induction motor) the stationaryframe PI controller based solutions in [6, 10] are extended
by the back-EMF feed-forward compensation. In these
cases, asymptotic reference tracking is enabled, which
depends on the accurate induction motor stator flux
estimation.
Together with the previous, there are several other
application-specific AC current controllers: internal model
control (IMC) based solutions in [11-12] that enable the
asymptotic reference tracking; predictive in [13]; dead-beat
in [14]; and state feedback-based controllers in [15].
Another way to achieve the asymptotic AC reference
tracking, is represented by the synchronous-frame based PI
controller in [1, 6], which operates with rotational reference
frame synchronous with the application specific vector
(usually, either stator or rotor flux vector). However, this
solution exhibits the typical negative cross-coupling effect
between the reference frame axes. Consequently, the
synchronous-frame based PI controllers with cross-coupling
compensation were introduced in [16-17]. Nevertheless,
similarly to the stationary-frame based PR controllers, the
synchronous-frame based PI controllers suffer from the fact
that they are not able to compensate the DC disturbances
that exist in the corresponding stationary-frame. In this and
other similar cases, stationary-frame based DC disturbances
can be minimized by introducing the “active resistance”
technique in [18]. Also, several types of disturbances (for
example, VSI voltage errors by current-sign-dependent
interlocking) can be compensated by means of a
corresponding feed-forward action.
The following group of solutions represents the
proportional-resonant-integral (PIR) controllers in [19],
commonly used in order to enable asymptotic DC reference
tracking and to compensate AC disturbances with a known
angular frequency. Namely, PIR controllers have so far been
typically employed in the synchronous-frame based AC
current control for the voltage source converters with the
unbalanced voltage transients in [20].
However, there are papers dedicated to the stationaryframe based PIR controllers in [2, 21], and they are mainly
oriented towards the application in utility-interface AC
power converters: single phase in [21], and three-phase in
[2]. However, in neither of these works the precise PIR
controller parameter-tuning procedure is outlined, i.e., the
controller
parameter
values
were
determined
experimentally.
Finally, for both PR and PIR controllers it is necessary to
define the resonant action discretization procedure, analyzed
in [24]. Also, in [24] the compensation of time delay
introduced in the control loop by current sampling and
PWM updating is presented, designed for use with
controllers that include the resonant action. In [25, 26] the
compensated resonant controller applications are outlined,
with the specific applications in active filters.
In this paper, an improved stationary-frame PIR controller
is proposed for the AC current control in single or threephase applications, ranging from utility-interface converters,
AC motor drives, to uninterruptible power supplies with or
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without an output isolation transformer. When compared to
the existing stationary-frame based PIR controllers, the
novel controlling structure enables operation with a reduced
set of control parameters, accompanied with the
corresponding parameter-tuning procedure.
Namely, the common PIR controllers require three
parameters to be tuned in relation to the VSI and load model
parameters, while the new PIR controller effectively needs
only one parameter to be tuned in relation to the VSI and
load parameters, since the second controller parameter is
directly proportional to the required bandwidth value.
This paper consists of six sections. In Section II the model
of the back-EMF type three-phase load is presented, since
various types of different loads can be approximated by this
type of model. In Section III the new type of PIR controller
is presented, together with the corresponding parametertuning procedure. In Section IV the simulation results of the
proposed controller are presented, for the case of the threephase induction motor used as the load. In Section V the
experimental results are presented that correspond to the
simulation tests presented in the Section IV. In Section VI,
concluding remarks are presented.
II. MODEL OF BACK-EMF TYPE THREE-PHASE LOAD
The AC current controller proposed in this paper is
developed for use in applications that can be modeled by
means of back-EMF-type load in [1, 5], which include
active filters, AC motor drives, uninterruptible power
supplies, and various other types of AC power supplies. This
type of load can be represented by the series impedance with
the back-EMF, i.e., with the corresponding harmonic AC
disturbance:

d
I r  er
dt
d
Vs  Re I s  Le I s  es
dt
d
Vt  Re I t  Le I t  et
dt

Vr  Re I r  Le

(1)

where Vr, Vs and Vt represent three-phase stationary-frame
voltage components, Ir, Is and It stationary-frame current
components, and er, es and et stationary-frame back-EMF
components. Also, Re and Le represent the resistance
and inductance values of the back-EMF type load equivalent
series impedance, represented in the following Fig. 1.
Furthermore, from (1) the following set of equations is
obtained in  stationary-frame:
d
V  Re I   Le I   e
dt
(2)
d
V  Re I   Le I   e
dt
Finally, after introducing the complex variables V = V +
jV , I = I + jI , and e = e + je the following load model
is obtained

V  Re I  Le

d
I e
dt

(3)
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Figure 1. PWM-controlled voltage source inverter with the AC current control of back-EMF type three-phase load

However, together with the load model (3), it is
necessary to define the PWM controlled three-phase VSI
model. Namely, for the Vc representing the controller output
operating in the range [-1, 1], the VSI can be represented by
the transfer function GVSI(s) = KVSI e(-sTd). The VSI gain KVSI
is calculated from the inverter DC bus voltage Vdc (depicted
in Fig. 1) as KVSI = Vdc / 2. Also, the time delay Td that is
included in the VSI model represents the delay introduced
into the control loop by two factors in [5]: the current
sampling and the VSI output voltage PWM updating
techniques. For example, for the commonly used double
PWM updating technique the introduced VSI time delay is
equal to Td = 1.5 / fs, where fs represents the current
sampling frequency. In our paper, the single PWM updating
technique is employed, with the symmetric PWM and
current sampling in the middle of the PWM signal, which
introduces time delay Td = 1 / fs.
Consequently, the complete back-EMF type load model,
used for the AC current controller design, based on (3) and
on the VSI transfer function GVSI(s), is represented by:
G s 
K e  sTd
e s 
es  (4)
I s   V s  VSI

 V s  VSI

c

sLe  Re

sLe  Re

c

sLe  Re

sLe  Re

, where Vc represents the normalized AC current controller
output, KVSI = VDC / 2, and Td =1 / fs. Furthermore, for the
single phase load a similar equation can be used, with the
scalar variables used in (4) instead of the complex.
Consequently, based on equation (4), for the back-EMF type
three-phase load the back-EMF signal e is considered to be
the AC disturbance with the same angular frequency e as
the AC current reference signal.
In the following section the new and improved version of
the stationary-frame based PIR controller is presented,
together with the corresponding parameter-tuning
procedure.

III. STATIONARY-FRAME BASED PIR CONTROLLER
The novel AC current controller proposed in this paper
belongs to the group of the stationary-frame based
sequential controllers, with the asymptotic reference
tracking enabled by the means of a resonant control action.
Namely, based on the three-phase load and VSI model (4)
the outline of sequential AC current controller is presented
in Fig. 2.
Commonly used PR sequential AC controller in [7] is
represented by the following transfer function

G PR s   K P  K R

s
s   e2
2

(5)

, where e represents the AC current reference angular
frequency. The problem related to this type of controller is
that it is not able to compensate the DC disturbance
introduced into the control loop by nonlinear VSI
characteristics in [24] or nonlinear loads. In [2, 21], the
stationary-frame PIR controller (6) is proposed, which
solves the aforementioned problem:

G PIR s   K P  K I

s
1
 KR 2
s
s   e2

(6)

However, in [2, 21] the three-parameter KP, KI, and KR
controller (6) is proposed, with no parameter-tuning
procedure. In our paper, the novel PIR structure (7) is
proposed that has 2 parameters KPIR and aPIR. It is, also,
accompanied by the corresponding parameter-tuning
procedure, based on the plant model and on the required
phase margin value.

Figure 2. The AC current control loop with back-EMF type three-phase load
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s  aPIR 3



s s 2  e2

(7)



Based on Fig. 2, the following plant transfer function
GPL(s) (8) can be derived, which is used in the controller
parameter-tuning procedure.

KVSI e  sTd
(8)
sLe  Re
The parameter-tuning procedure is based on the required
phase margin *PM, and on the time delay Td (8), which is
introduced into the control loop by current sampling and
PWM updating techniques. Also, the controller (7)
parameters are derived under the presumption that 1 > e
and 21 >> 2e (where 1 represents the crossover
frequency, and e the reference frequency) for any chosen
e value, which is a common case in AC power converter
applications.
In order to calculate KPIR (7) the crossover frequency 1
needs to be determined, based on the condition that aPIR is
chosen to be 10% of 1, since in that case the overall
contribution of GPIR (7) to the phase margin is
approximately equal to zero. Namely, this is accomplished
for any 1 > e, which is the common case in AC current
controllers. In that case the phase margin is approximated by
(9)
 PM   / 2  1Td ,
GPL s  

for any values of e. Re and Le. From (9), equations (10) and
(11) are obtained. These are used to calculate the reference
crossover frequency 1 and aPIR from the given phase
margin value *PM (which should not exceed  /2),

1 

 / 2 

*
PM

(10)

Td

a PIR  1 / 10

(11)
However, if from equation (10) an insufficient crossover
frequency 1 value is obtained (which corresponds to the
bandwidth frequency of the particular AC current controller
application), the smaller phase margin value *PM needs to
be adopted, and controller design steps (10) and (11)
correspondingly repeated. Based on (10) and (11) and by
neglecting Td, the following KPIR equation (12) is obtained

K PIR 

1 12  e2





K VSI

2
1






12 L2e  Re2
2
 a PIR



3

(12)

  L  R
12 K VSI
, for aPIR = 1 / 10 and e < 1.
For the case of AC current controllers where e < 1 / 3,
KPIR can be approximated by


2
1

2
e

2
1

2
e

2
e

Figure 3. AC current control loop with “active resistance” control action
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K PIR 

12 L2e  Re2

(13)

KVSI

Consequently, equations (10) to (13) represent the novel
PIR controller (7) two-parameter-tuning procedure, which
shows that only one parameter KPIR (12) effectively needs to
be tuned in relation to the VSI and load parameters, while
parameter aPIR (11) is directly calculated from the required
crossover frequency value, i.e., from the required phase
margin value.
Since the AC disturbance for the fundamental component
is compensated by means of the resonant action included in
the controller, the higher harmonic disturbances can further
be minimized by means of the “active resistance” technique
in [18] that represents a local current feedback action KA,
depicted in Fig 3.
Regarding the parameter-tuning procedure, in the case
when the “active resistance” action is applied, equations
(10) and (11) remain the same. The choice of KPIR is
approximated by the equation (14), by neglecting Td.
K PIR 

12 L2e  Re  K A K VSI 2
K VSI

(14)

, for aPIR = 1 / 10 and for e < 1 / 3.
In the following section, the novel PIR AC current
controller is examined by means of simulations, with an
induction motor used as a three-phase load.
IV. SIMULATIONS
In this section an induction motor is used as the threephase AC current controller load. The complex variable
vector based IM motor model in [10] can be represented by

V s s   Rs I s s   s s s 

0  Rr I r s   s r s   j r r s 

 s s   Lls  Lm I s s   Lm I r s 

,

(15)

 r s   Llr  Lm I r s   Lm I s s 
, where Vs, Is, s and s represent stator voltage, stator
current, stator flux, and rotor flux complex vectors,
respectively. Also, Rs, Rr, Lm, Lls, and Llr represent IM stator
resistance, rotor resistance, magnetizing inductance, stator
leakage inductance, and rotor leakage inductance,
respectively.
However, in [5] it is shown that the IM model can be
approximated by the equivalent back-EMF-type load in the
form of eq. (3), for Re = Rs and for (16).
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(16)

Consequently, based on this IM model approximation, the
PIR controller (7) is used to control the IM stator current in
different motor drive applications. In our case, the IM model
has the following parameters: Rs = 8.6 Ω, Rr = 5.1 Ω, Lm =
0.381 H, Lls = 0.008 H, and Llr = 0.009 H, with a pole-pair
number of 1. The VSI has Kvsi = 160 and Td = 1Ts, where Ts
represents the stator current control system sampling period
Ts = 200 μs, with the single PWM updating (TPWM = 200 μs).
Hence, based on (10)–(12) and for a phase margin value
*PM = 70 from [10] the following set of PIR controller
parameters is obtained: KPIR = 0.19 and aPIR = 174 rad/s, with
the crossover frequency value (10) equal to 1 = 1745 rad/s.

Furthermore, in the following simulation tests, the IM AC
stator current responses are transformed into the rotational
reference frame synchronous with the stator voltage in order
to enable a more detailed insight in the current controller
dynamics. In Fig. 4 the step responses of the stator-current
component Id are given for three different stator voltage
frequencies, e = 25 rad/s, e = 225 rad/s, and e = 250
rad/s, for the locked rotor and for the motor in idle run. As Id
current reference signal step changes from 0 A to 1 A were
used.
By analyzing the stator-current responses in Fig. 4 the
following can be concluded: (i) the overshoot of 2%
corresponds to the phase margin value equal to φPM = 70;
(ii) the response rising time tr = 1.3 ms corresponds to
crossover frequency equal to 1 = 1754 rad/s, since tr ≈
20.35/1; (iii) the proposed controller is robust in relation
to variations of the stator frequency e and rotor speed r,
since the response overshot and rising time vary over a
small range for significant variations of e and r,.

(a)

(a)

(b)

(b)
Figure 5. Stator current Id component for locked rotor and e = 225 rad/s
for (a) Rs and Rr varying in 50% range and (b) Lls and Llr varying in 50%
range

(c)
Figure 4. Stator current Id component for locked rotor and motor in the idle
run (a) e = 25 rad/s, (b) e = 225 rad/s, and (c) e = 250 rad/s

In Fig. 5(a) the current responses are presented for stator
and rotor resistances varying in the 50% range, for e =
225 rad/s and r = 0 rad/s. Furthermore, in Fig. 5(b) the
stator-current responses are presented for Lls and Llr varying
in the 50% range (namely, based on (17) it can be
concluded that the equivalent load inductance Le
predominantly depends on Lls and Llr, since Lm >> Lls and Lm
>> Llr). Based on the step responses it can be concluded that
the controller retains the designed response speed for a wide
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range of IM model parameter variations.
In the following section, the results of experimental tests
are presented. The experimental setup is implemented by
using the induction motor as a three-phase load.
V. EXPERIMENTAL TESTS
Experimental tests were performed, based on the setup
with the one-pole-pair, 1 kW, 220 V, 50 Hz induction
motor, and with the control section consisting of: (a) control
card running the real-time control software (reference
generation and stator current control) operating with the fs =
5 kHz sampling frequency, with the single PWM updating
mode; (b) protection electronics; (c) current transducers; (d)
IGBT drivers; and (e) three-phase IGBT VSI operating at 5
kHz switching frequency used for the IM stator current
control.

Volume 17, Number 1, 2017
The set of controller parameters has been given in Section
IV: KPIR = 0.19, aPIR = 174 rad/s, and KA = 0, which
correspond to *PM = 70º. Also, the set of IM model
parameters has been given in Section IV.
In Fig. 6. the step responses of the stator-current
component Id are presented for a stator-current Id reference
step change from 0.2 A to 0.8 A, Iq = 0, three different e
values, and for locked rotor (r = 0 rad/s). By analyzing the
stator-current step responses it can be concluded that they
correspond to the results presented in Section IV – the stator
current rising time is close to 1.35 ms in all three cases, with
slight increase in overshot value for e = 2 5 rad/s. In this
way the robustness in relation to the variable stator
excitation frequency values is confirmed.

(a)

(a)

(b)

(b)

(c)
Figure 7 Stator current step responses for motor in the idle run (a) e = 25
rad/s, (b) e = 225 rad/s, and (c) e = 250 rad/s
(c)
Figure 6. Stator current step responses for locked rotor (a) e = 25 rad/s,
(b) e = 225 rad/s, and (c) e = 250 rad/s
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In Fig. 7 the stator current responses are given for IM in
an idle run, i.e., for rotor running at subsynchronous speed,
for (a) e = 25 rad/s, (b) e = 225 rad/s, and for (c) e =
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250 rad/s. By analyzing the stator-current step responses it
can be concluded that the stator current controller operation
does not change significantly when compared to the
performance with the locked rotor. Also, it can be concluded
that all three responses in Fig. 7 exhibit an increased
overshoot values, when compared to corresponding
simulation results in Fig. 4.
In order to examine the influence of the integral action in
the novel PIR current controller, in Fig. 8 the Ir stator
current responses are presented for e = 225 rad/s with
locked rotor, for (a) PR controller (5) and (b) PIR controller
(7), with the DC component of 10 V added to the Vr stator
voltage. The DC disturbance is added in order to emulate the
VSI dead-time value inconsistencies, or some other type of
VSI nonlinearity.

Volume 17, Number 1, 2017
DC disturbance compensation that is introduced by the
nonidealities of the power converter stage and by the
nonlinear loads. In this way, when compared to the
stationary-frame-based PR or the synchronous-frame-based
PI controllers, the novel controller enables the stationaryframe-based DC-component regulation, which can be
critical in various AC current controller applications – for
example, IM drives, or uninterruptable power supplies.
Also, when compared to existing stationary-frame based
PIR controllers, the novel controller introduces the
following improvements: new structure with a reduced set
of 2 parameters, and the corresponding parameter-tuning
procedure. The parameter-tuning procedure is based on the
equivalent three-phase RL load time constant, and on the
required control system phase margin and crossover
frequency values. Also, in the paper a modification of the
basic solution is proposed, which consists of the controller
supported by the “active resistance” feedback term. In this
way, the disturbance rejection is improved, which can be
useful in the case of the disturbances with higher frequency.
The controller performance was examined through a series
of simulation and experimental runs. Simulation runs consist
of stator current responses for different excitation
frequencies with the motor in locked state and idle run. In
the experimental runs, the similar set of tests is performed,
verifying the improved level of the controller dynamic
performance.
REFERENCES

(a)

(b)
Figure 8. The Ir responses for e = 225 rad/s with locked rotor and 10 V
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