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Abstract – In this paper, a discrete-time robust current controller is proposed for PMSM drives. The 
structure of the proposed controller is quite simple and does not require high computational resource. 
The only difference of the proposed controller from the classical dead-beat controller is the integral 
term which can easily be implemented in a PMSM drive. The stability analysis of the proposed 
controller is performed accounting in parametric uncertainties, unmodelled dynamics and disturbances 
in the mathematical model. The boundedness of the dynamical system and asymptotic convergence of 
dq-axes currents to their reference values are provided under certain conditions. Various simulation 
and experimental studies are performed and the results taken at different operation conditions show the 
validity of the proposed controller. 
 

Keywords: Permanent Magnet Synchronous Motor (PMSM), Current control, Discrete-time robust 
control 

 
 
 

1. Introduction 
 
Features such as power density, efficiency, drive 

simplicity etc. make the permanent magnet synchronous 
motors (PMSMs) favourable in various applications over 
other motor types. PMSMs are preffered due to their 
advantageous torque-speed characteristics in direct drive 
applications where constant torque is required. On the 
other hand, one of the main research subjects on the 
PMSMs is minimizing the torque ripples caused mainly by 
uncertainties on the system model.  

There are many studies on reducing the torque ripple 
on PMSMs. These studies may be categorized in two 
main groups as the studies on the motor design and the 
studies on the control in the drive systems. Motor design 
techniques might be insufficient or inconvenient to reduce 
the torque ripples for various reasons [1]. Hence, many 
control techniques are proposed with the aim of reducing 
the torque ripple on PMSMs. Since constant torque output 
is achieved by sinusoidal phase currents – corresponding to 
constant dq-axes currents – these studies mainly focus on 
tracking the sinusoidal phase current references. In this 
manner, a flatness-based controller is applied to control the 
output torque of an interior PMSM after the optimal values 
of phase currents are obtained by nonlinear optimization 
in [2]. One of the main reasons for the ripples on torque 

are non-ideal back emfs, such as harmonics on the back-
emfs. In [3], the back emf terms are parameterized and 
an adaptive control is designed to reduce the torque ripple. 
Unmodelled dynamics are accounted in as uncertainty 
and a reference current generation scheme with an internal 
adaptive model is proposed in [4]. A robust model 
reference adaptive control is proposed in [5] to eliminate 
the non-ideal back emf effects.  

Since harmonics and distortions in back-emfs are 
periodic, learning based controllers mainly dealing with 
periodic uncertainties are also proposed for torque ripple 
reduction in the literature. In [6], a discrete time repetitive 
controller is designed for PMSMs with harmonic contents 
in back emf. Iterative learning control structures are 
proposed in [7,8] for parasitic torque pulsations due to non-
sinusoidal density of flux around the air gap. Furthermore, 
a review paper on iterative learning control for PMSMs is 
presented in [9] focusing on the torque ripple minimization 
in PMSM drives. 

Transient response characteristics makes dead-beat 
controller favorable among discrete-time control schemes 
for PMSM drives. In [10], convenience of the dead-beat 
controller is reported to satisfy high bandwidth require-
ments in comparison to PI controllers. But, uncertainties 
in an application may effect the response of the dead-beat 
controller negatively. The dead-beat controller combined 
with a reference current prediction and a back emf 
estimation procedure to improve robustness is presented 
in [11]. When model based controller and predictions are 
applied in steady state, current error may occur due to 
non-ideal inverter operation and uncertainties on motor 
parameters. A current error-correction method is proposed 
to overcome the issue in [12]. Direct torque control [13] 
and its combinations with hysteresis control, model 
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predictive control [14-17] have also been applied for fast 
dynamic response. However, varying switching frequency, 
high computational resource need and high stator current 
harmonics are main drawbacks in a drive with such 
controllers.  

Although the model parameters can be obtained quite 
accurately for PMSMs [18], the model still contains 
uncertainties due to parameter variations during the 
operation, unmodelled dynamics, disturbances etc. These 
uncertainties and bounded disturbances on the dynamical 
model brings out the robustness issues on PMSM drive 
systems. A predictive controller combined with a disturbance 
estimator presented in [19] to overcome the problem. In 
[20], a self-tuning algorithm is proposed to rule out dead-
beat controller’s sensitivity disadvantage. To overcome 
the uncertainties in the system many studies with different 
approaches are presented such as robust [21], adaptive 
robust [22] and improved dead-beat with a robust 
prediction [23]. Nevertheless, the stability analysis of 
the controllers are based on linear model of the system. 
A robust predictive controller with a novel cost function 
is presented in [24] in which the stability analysis has 
been carried out for the nonlinear model. However the 
computational cost in such an approach is quite high. On 
the other hand, controller designs aiming to reduce current 
ripples in PMSMs are designed in continuous time 
generally. However, since drive systems requires discrete 
time switching signals, gain tuning may become a hard-
work when the controllers are designed in continuous time. 
For this reason, discrete-time controllers in which the 
uncertainties are also accounted in such as robust controller 
[25] and robust controller with an adaptive disturbance 
observer [26] are also proposed. However, adaptive control, 
disturbance estimation or observation procedures and etc. 
emphasized in aforementioned approaches are relatively 
complex for practical realization. 

Recently, a discrete-time current controller for PMSM 
has been introduced in [27] which is formulated to reduce 
the steady-state errors in dq-axes currents. However, the 
considered mathematical model is assumed to be known 
exactly and the controller has been verified with only 
numerical simulations. On the other hand, a robust 
predictive current controller for PMSM is also proposed 
considering the uncertainties and the disturbances in the 
mathematical model [28]. This controller can easily be 
implemented in a practical application, however the transient 
response of this controller may have imperfectness due 
to the relatively large magnitude of the uncertainties. 
This shortcoming can be observed from the presented 
simulation and experimental results. Following a similar 
idea, a discrete-time robust controller for the regulation 
of dq-axes currents is proposed in this study in order to 
improve the torque response of PMSM introduced in 
aforementioned studies. Different from the well-known 
dead-beat controller, the proposed controller have additional 
integral action terms. As well as being easily realizable 

in a practical system, these additional terms ensures the 
boundedness of the solutions of the dynamical system. 
Moreover, the proposed controller guarantees also the 
convergence of the dq-axes currents to their reference 
values under predefined conditions. The complete stability 
analysis is performed for the dynamical system with the 
proposed controller accounting in parametric uncertainties, 
unmodelled dynamics and disturbances in the mathe-
matical model. Gain tuning for the proposed controller 
does not require too much effort which may become a 
demanding task especially for nonlinear systems. Almost 
perfect responses have been obtained in the experimental 
results performed under different operational conditions 
which verifies the viability and the effectiveness of the 
theoretical outcome. Furthermore, the performance of the 
controller in the field-weakening region has been illustrated 
by experimental studies which also strengthens the 
application area of the proposed controller. 

 
 

2. Dynamics 
 
The electrical equivalent circuit of permanent magnet 

synchronous machine can be given by 
 

 q q q q e d
dL i v Ri
dt

ω φ= − −   (1) 

 d d d d e q
dL i v Ri
dt

ω φ= − −   (2) 

 
where, ωe is the rotational dq-axes angular velocity, vd and 
vq are the dq-axes voltages, id and iq are the dq-axes 
inductances, ϕ d and ϕ q are the dq-axes flux linkages, and R 
represents stator resistance or each phase windings. dq-
axes flux linkages and the output torque equations can be 
given as 

 
 d f d dL iφ φ= +   (3) 
 q q qL iφ =   (4) 

 3 ( )
2M q d d qT P i iφ φ= −   (5) 

 
where P is the number of pole pairs and ϕ f is the flux 
linkage due to the permanent magnets. dq-axes inductances 
are almost equal generally in surface mount PMSMs. 
Thus, the difference between dq-axes inductances will be 
taken into account as uncertainty and calculations will be 
made assuming equal values. In other words, L = Lq=Ld is 
considered for the rest of this paper. Note that, since the 
values of Lq and Ld relatively small and almost identical, 
output torque given in (5) can be assumed dependent only 
on q-axis current. System parameters given in (1) and (2) 
can not be known exactly and/or they are variable during 
operation. In addition to these uncertainties, unmodeled 
dynamics also exist in a practical drive application such 
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as disturbing effects depending on system states. The 
equivalent electrical model of the PMSM considering these 
uncertainties and unmodelled dynamics can be given as 

 

 0 0 0
0

1 ( ) ( , , )q q q f e e d q q d e
d i v R i L i i i
dt L

φ ω ω ϕ ω= − − − +   (6) 

 0 0
0

1 ( ) ( , , )d d d e q d q d e
d i v R i L i i i
dt L

ω ϕ ω= − + +   (7) 

 
where, L0, R0 and ϕf0 are the nominal values of inductance, 
resistance and flux linkage due to permanent magnets, 
respectively. The uncertainties dependent on system states 
can be constructed as*1 

 

 0

0

1 ( )

( ) ( , , )

q R q f e L e d

L
q q f e e d q q d e

i i
L

v Ri L i f i i
L L

φϕ δ δ ω δ ω

δ φ ω ω ω

= − − −

− − − − +
  (8) 

 0

0

1 ( )

( ) ( , , )

d R d L e q

L
d d e q d q d e

i i
L

v Ri L i f i i
L L

ϕ δ δ ω

δ ω ω

= − +

− − + +
  (9) 

 
with L = L0 + δL, R = R0 + δR, 0 ff f φφ φ δ= +  where δ(·) 
contains the uncertainty concerning to a system parameter. 
Additionally fq and fd contain unmodelled dynamics and 
disturbances that are assumed to be bounded with fq(0) = 0 
and fd(0) = 0. Furthermore, we define φ = [φq φd]T and we 
assume that 

 
 ϕ σ≤   (10) 

 
is valid for all t where σ>0 is a bounded number. Although 
this is the case in a practical application, this assumption 
is necessary for the theoretical results in which the 
boundedness of the solutions are proved. 

On the other hand, considering the rotor speed and 
uncertainties are constant between two sampling instances, 
the difference equations of (6) and (7) can be obtained as 
following 

 
 1

1 0( )k k k k k m k ki i T F i d L v ϕ−
+ = + + + +   (11) 

 
with 

 

 

0
( ) 0

0
0

0
( )

0

( )
,

0

e k f
e

k k

e k

R
L k

F d L
R
L

ω φ
ω

ω

⎡ ⎤⎛ ⎞− − ⎛ ⎞⎢ ⎥⎜ ⎟ −⎜ ⎟⎢ ⎥⎜ ⎟= = ⎜ ⎟⎢ ⎥⎜ ⎟ ⎜ ⎟−⎢ ⎥⎜ ⎟ ⎝ ⎠⎢ ⎥⎝ ⎠⎣ ⎦

, 

 

                                                           
* From this point on, dependencies will be explained only in the first 

usage for the function dependent on iq, id and ωe. 

and L0m = L0 I2  where φk= [φq(k) φd (k)]T , ik= [iq (k) id (k)]T
 , 

vk= [vq (k) vd (k)]T, k = 0,1,2,… is the number of the 
sampling instant, In is n x n identity matrix and T is positive 
and bounded sampling period. dq-axes currents have to be 
kept constant depending on the operation conditions to 
obtain a desired constant output torque. Thus, the main aim 
of this work is to regulate dq-axes currents to predefined 
reference values considering the uncertainties in the drive 
system. 

 
 

3. Controller Design 
 
The current error vector utilized in control design 

procedure can be defined as following 
 

 
*

( ) ( )*
*

( ) ( )

q k q k
k k

d k d k

i i
e i i

i i
⎛ ⎞ ⎛ ⎞

= − = −⎜ ⎟ ⎜ ⎟⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠

 . (12) 

 
Here, id

*, iq
* and i* are desired dq-axes currents and the 

vector formed by these currents. From (11) and (12), the 
difference equation for the current error vector can be 
constructed as 

 
 1

1 0( )k k k k k m k ke e T F i d L v ϕ−
+ = + + + +   (13) 

 
The primary goal of this study is to design a controller 

capable of overcoming the uncertainties contained in the 
system model, and to provide the boundedness of the 
current error vector. To achieve this, we firstly define the 
controller by 

 

 0
1 ( )k m k k k k kv L F i d e u
T

⎡ ⎤= − − + −⎢ ⎥⎣ ⎦
  (14) 

 
where uk is a vector consisting of the terms to be used to 
deal with uncertainties. Note that, the controller in (14) 
becomes the dead-beat controller for (13) with uk = 0. It is 
a very well known fact that the dead-beat control structure 
is fragile against uncertainties. This can be seen by 
plugging (14) into (13) yielding 

 
 1k k ke u Tϕ+ = −  . (15) 

 
Castello-Moreno uk≡0 is valid then the error vector will 

be changed by the unknown parameters and disturbances 
and it also becomes uncertain. This drawback effects the 
current response adversely which is an undesired situation 
in such a controlled system. In order to reduce this 
shortcoming, discrete-time integral action is added to the 
controller. In this manner, the auxiliary control input uk is 
designed as 

 
 k ku Kζ ζ=   (16) 

 
with 
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 0
1

k

k k
n

eζ ζ
=

= +∑   (17) 

 
where 2 2Kζ

×∈  is a symmetric gain matrix and 2
0ζ ∈  

is a vector containing the initial value of the integral action. 
Notice that, discrete-time integral action is a dynamical 
process increasing the dynamical degree of the system. 
Plugging (16) and (17) into (15) and after some mathe-
matical manipulation, the following difference equations 
describing the behavior of the overall discrete-time 
dynamical system with the initial conditions 2

0e ∈  and 
2

0ζ ∈ can be obtained as 
 

 1k k ke K Tζ ζ ϕ+ = −   (18) 
 1 1k k keζ ζ+ += −   (19) 

 
Two important issues arise at this point. 1) The stability 

of the discrete-time dynamical system given in (18) and 
(19), 2) the effect of the integral gain matrix (Kζ) on 
transient and steady-state responses. The boundedness of 
the solution of (18) and (19) can be shown under the 
conditions that the norm of uncertainty vector is bounded 
as in (10) and the eigenvalues of the integral gain matrix 
takes values in a predefined interval that is given by 

 
 { }2 0, 1,2n K nζλ− < < = . (20) 

 
where λn{Kζ} stands for nth eigenvalue of Kζ. In addition, 
if the uncertainty vector is constant, the convergence of 
the error vector to zero can also be proved. The results 
concerning the convergence analysis are given in Section 
8.2. On the other hand, various simulations and experiments 
are performed for different integral gain values and the 
results are presented. The analysis of these results gives a 
brief idea on the selection of the integral gain matrix. 

 
 

4. Numerical Simulations 
 
In order to test the controller and to show its 

effectiveness, various different numerical simulations have 
been implemented through MATLAB. Only the electrical 
equivalent part of PMSM is considered and the rotor speed 
is assumed constant in simulations. Dead-time of the 
inverter has been neglected and DC bus voltage is fixed to 
26V. PWM period is set to 10kHz with 50ns resolution and 
standard SVM (space vector modulation) is utilized to 
generate PWM signals. The parameters of the PMSM used 
in this study are given in Table 1. 

In order to mimic a real application, the phase currents 
are sampled for the controller at the beginning of each 
PWM period, and then used for the controller computations 
to be applied in the next period. Hence, there is one 
switching period delay in current measurements. Although 
necessary computations for the controllers can be done 

sufficiently fast, measurement delays in PWM switched 
applications are inevitable and have a crucial effect on the 
current response. A prediction process with a dead-beat 
structure performed to reduce the effect of the mentioned 
delay. Thereby, the current value on the beginning of the 
next period is predicted via calculations according to (11) 
and the measured currents in the last period (see [27] for 
details). 

The integral gain matrix used in the experimental studies 
has the following form 

 

 
0

0
k

K
k

ζ
ζ

ζ

⎛ ⎞
= ⎜ ⎟
⎝ ⎠

 . (21) 

 
where kζ ∈  is a constant satisfying (20). The 
conditional integrator anti-windup scheme is used in the 
control algorithm, in other words, the integral action is 
paused in case of inverter saturation.  

The values of some PMSM parameters are assumed 
uncertain in the simulations in order to emphasize the 
contribution of the proposed controller. In this manner, the 
values of Lq = 0.9L0, Ld = 0.9L0 and ϕ f = 1.05ϕ f0 are used 
in (14) for the simulation studies. Numerical simulations 
are performed for 600rpm and 1500rpm rotor speeds and 
for kζ = 0 (dead-beat), kζ = −0.3 and kζ = −0.5 integral gains. 
The total time for the simulations is 10ms with initial 
values iq = 10A and id = 0A. The reference q-axis current 
is set to 10A in the first 5ms and to 30A in the second 
5ms while the reference d-axis current is set to 0A 
throughout the simulations. Fig. 2 gives the results of 
numerical simulations. In addition to dq-axes currents and 
their reference values, analog reference dq-axes voltages 
(Vqref ,Vdref ) determined by the controller are also presented 
in Fig. 2. Note that, phase voltages are applied by PWM 
signals in the simulations while the reference voltages are 
generated by the controller. An overshoot in the transient 
response is realized due to the uncertainties and the integral 
action when the proposed controller is implemented with 
different integral gains. This overshoot does not exists in 
the response of the dead-beat controller (kζ = 0). But, dq-
axes currents do not converge to their reference values with 
the dead-beat controller showing its main shortcoming. On 
the other hand, there is almost no steady-state error in the 
response of the proposed controller although an admissible 

Table 1. Rated values of the tested PMSM 

Symbol Description Value Unit 
 Rated power 1.35 kW 
 Rated speed 1700 rpm 
 Rated torque 7.62 Nm 
 Rated current 60 Arms 

ϕ f0 Flux linkage 0.01 Wb 
Ld0 d-axis inductance 24.75 μH 
Lq0 q-axis inductance 24.75 μH 
R0 Stator resistanve 7 mΩ 
P Number of pole pairs 6  
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overshoot exists in its response. The simulation results for 
the steady-state responses are presented in Table 2 for 
which the values are obtained by taking the averages of 
the variables in the last 2ms of the simulations. These 
results also show the difference between the performances of 

the dead-beat and the proposed controllers. In particular, 
a comparison of RMS values of phase current errors 
indicates the performance improvement by the proposed 
controller. 

 

Table 2. Steady-state response of the proposed controller, 
simulation results 

ωr (rpm) kζ qi avge
 

(A) 

di avge
 

(A) 
qi rmse

 
(A) 

di rmse
 

(A) 
0 1.276 0.708 2.207 0.845 

-0.3 0.005 0.008 1.793 0.459 600 
-0.5 0.013 0.002 1.794 0.459 

0 3.274 3.684 4.01 4.13 
-0.3 0.021 0.007 2.331 1.849 1500 
-0.5 0.027 0 2.326 1.851   

Fig. 1. Experimental setup 
 

 
(a) ωr = 600rpm and kζ = 0 

 
(b) ωr = 1500rpm and kζ = 0 

 
(c) ωr = 600rpm and kζ = -0.3 

 
(d) ωr = 1500rpm and kζ = -0.3 

 
(e) ωr = 600rpm and kζ = -0.5 

 
(f) ωr = 1500rpm and kζ = -0.5 

Fig. 2. Simulation results for the dead-beat and the proposed controllers (red lines indicate the reference values) 
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5. Experimental Results 

 
In order to test the proposed current controller, 

experimental studies have been performed on a PMSM. The 
experimental setup is depicted in Fig. 1. An electromagnetic 
powder brake is coupled to PMSM shaft for the closed 
loop control of the motor speed while motor torque is 
constant. In other words, to fix the rotor speed, the brake 
generates the counter-force against the torque generated by 
the current control. Note that, fixing the rotor speed of the 
test motor by controlling a brake provides different load 
conditions for each different operation condition. Parameters 
for the tested PMSM are given in Table 1. The control 
algorithm is implemented via a 32-bit floating point DSP 
operating at 90Mhz. The phase currents are measured via 
hall effect sensors. Analog sensor outputs are read through 
the analog-digital-channels of the DSP. The reference 
voltages obtained via calculations are implemented to the 
motor phases through the inverter with standard SVM.  

A three phase voltage fed inverter with approximately 
26V link voltage is supplied by a battery group. DC link 
voltage is also measured to be used in SVM calculations. 
PWM signals are generated at 10kHz frequency with 25ns 
resolution. Each phase leg signals has a dead time of 2μs. A 
4096ppr incremental encoder with two channels and an 
index bit is used to obtain rotor position. Rotor speed is 

calculated from the measured and filtered differences of the 
rotor position. Moreover, to analyze the results, phase 
currents are measured in every 5μs and saved into the 
RAM of the DSP to send to the PC on a demand. 

Phase currents are measured in the beginning of the 
previous switching cycle to produce the present control 
signals in the experimental studies. Therefore current 
measurements contain a delay of one switching period. The 
same prediction process with a dead-beat structure utilized 
in the numerical simulations is performed in the experi-
mental studies as well. On the other hand, integral gain 
matrix is also assigned as given in (21). Note that, the 
controller becomes a conventional dead-beat controller 
with kζ = 0. The conditional integral anti-windup method is 
also implemented in the experimental studies. 

Various experimental studies have been performed under 
different operation conditions in order to show the validity 
of the proposed controller. The experimental result can be 
separated into two main group presenting transient and 
steady-state responses. To compare the results obtained for 
different operation points, the tests have been realized for 
600rpm and 1500rpm rotor speeds and kζ = 0 (dead-beat), 
kζ = −0.3 and kζ = −0.5 integral gains. 

To see the transient response of the controller, d-axis 
reference current has been held at zero while q-axis 
reference current (iq

*) has been stepped from 10A to 30A. 
The obtained results for 600rpm rotor speed with kζ = 0, kζ 

 
(a) (b) (c) 

   

 
(d) (e) (f) 

Fig. 3. Transient responses of the dead-beat and the proposed controllers (red lines indicate the reference values): (a) ωr = 
600rpm and kζ = 0, (b) ωr = 600rpm and kζ = -0.3, (c) ωr = 600rpm and kζ = -0.5, (d) ωr = 1500rpm and kζ = 0, (e) ωr
= 1500rpm and kζ = -0.3, (f) ωr = 1500rpm and kζ = -0.5. 
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= −0.3 and kζ = −0.5 can be found in Figs. 3(a), 3(b) and 
3(c), respectively.  

Similarly, results for 1500rpm with kζ = 0, kζ = −0.3 and 
kζ=−0.5 are shown in Figs. 3(d), 3(e) and 3(f), respectively. 
Obtained results reveal the almost perfect transient 
response of the proposed controller. Furthermore, different 
speed and gain values has too few effects on the transient 
response. There is only a slight difference between the 
transient responses of the dead-beat and the proposed 
controllers. 

Steady-state response of the controller is analyzed while 
d-axis and q-axis currents are held constant at 0A and 30A, 
respectively. Results for different gains and rotor speeds 
are presented in Figs. 4(a)-(f) revealing that the steady 
state performance of the controller is very high as well. 

Specifically, when the steady-state responses of the dead-
beat and the proposed controllers are compared, the 
advantageous performance of the proposed controller can 
easily be realized. Compiled results for different operating 
points are shown in Table 3 in which the steady-state 
performances of the dead-beat and the proposed controllers 
are presented. Although dq-axes current errors increase 
with the motor speed, they take quite small values under 
different operational conditions. The RMS values of dq-
axes current errors are also given in Table 3. These 
values emphasize that the current response with proposed 
controller is significantly better compared to the response 
with the conventional dead-beat controller. An interval for 
integral gain is provided in theoretical results and the 
experimental results show the slight effect of different gain 
values on the response. Although the switching frequency 
has been set to 10kHz, a relatively high current ripples can 
be observed in the results. The reason for that is the small 
inductance of the test motor which brings in another 
challenge for the PMSM drive with the proposed controller. 
d-axis current stays in a varying band around zero in 
steady-state. Space vector modulation causes that varying 
band whose frequency depends on the electrical frequency 
of the motor. 

Field-weakening region performance of the controller 
has also been analyzed and obtained results are illustrated 
in Fig. 5(a) and Fig. 5(b) for transient and steady state 

 
(a) (b) (c) 

   

 
(d) (e) (f) 

Fig. 4. Steady-state responses of the dead-beat and the proposed controllers (red lines indicate the reference values(a) ωr = 
600rpm and kζ = 0, (b) ωr = 600rpm and kζ = -0.3, (c) ωr = 600rpm and kζ = -0.5, (d) ωr = 1500rpm and kζ = 0, (e) ωr
= 1500rpm and kζ = -0.3, (f) ωr = 1500rpm and kζ = -0.5 

Table 3. Steady-state response of the proposed controller, 
experimental results 

ωr  
(rpm) 

kζ qi avge
 

(A) 

di avge
 

(A) 
qi rmse

 
(A) 

di rmse
 

(A) 
0 8.18 0.51 8.34 1.5 

-0.3 0.14 0.39 1.64 1.04 600 
-0.5 0.16 0.39 1.61 0.96 

0 12.28 1.26 12.45 2.94 
-0.3 0.25 1.21 1.69 2.81 1500 
-0.5 0.28 1.17 1.67 2.79 

2100 -0.3 0.19 0.36 2.26 3.75 
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responses, respectively. The rotor speed is set to 2100rpm 
and kζ=−0.3 is selected for the experiment in field-
weakening region. d-axis current reference is held constant 
at −30A and q-axis reference current has been increased 
from 10A to 30A to evaluate transient response. Steady 
state performance is tested for −30A d-axis and 30A q-axis 
currents. dq-axes currents are regulated successfully in 
field weakening region and fast dynamic response and 
small steady-state error can be observed in the results as 
well. The current ripple increases with the speed of the 
motor and this issue can be noted clearly in the field 
weakening region. Table 3 gives some numerical results for 
the steady-state response of the proposed controller working 
in the field-weakening region. These presented results 
reveal that the performance of the proposed controller is 
also satisfying in the field-weakening operation.  

dq-axes current responses have been analyzed in the 
experimental studies for various constant rotor speed 
values. The direction of the rotor speed and the torque is 
considered positive in the experimental studies. The rotor 
speed dynamics is much slower than the current dynamics, 
thus the rotor speed can be assumed constant while torque 
command is changing. Therefore, similar results can be 
obtained in case of a change on the torque reference in a 
four quadrant drive with the proposed controller. 

 
 

6. Conclusion 
 
In this study, a robust dead-beat current controller is 

presented for PMSM drives. The proposed controller is 
implemented by using only an additional integrator term in 
the dead-beat controller without a significant increase in 
complexity. The boundedness of the solutions with the 
proposed controller is shown for the selection of the 
integral gain in a definite region. The theoretical analysis 
of the proposed controller is completely verified in a 
PMSM drive. Results taken at different rotor speeds show 
the high performance of the controller. According to the 

obtained results, the steady state errors of dq-axes currents 
are quite low while the step response performance of the 
proposed controller is also sufficiently good for a practical 
application. Additionally, the proposed controller is tested 
in field weakening region with a good performance. 
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Appendices 
 

1. Boundedness and stability theorems 
 
Consider the discrete-time nonlinear dynamical system 
 

 1( 1) 1 1( ) 2( )( , )k k kx f x x+ = ,  (22) 
 2( 1) 1 1( ) 2( )( , )k k kx f x x+ = ,  (23) 

 
with x1(0) = x10, x2(0) = x20, 1

1
nx ∈ , 2

2
nx ∈ , where 

1 2 1
1 : n n nf × → and 1 2 2

2 : n n nf × → are continuous 
functions such that the solution of the dynamical system 
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(22)-(23) exists and is unique. The following theorems are 
utilized in the analysis for the controlled discrete-time 
nonlinear dynamical system given by (18)-(19). Note that, 
the representation of the dynamical system (22)-(23) and 
the theorems given in this section have been shortened and 
adapted slightly compared to their original versions to use 
only the necessary parts for this study. 

 
Theorem 1. Consider the discrete-time nonlinear 

dynamical system given by (22)-(23). Assume there exist a 
continuous function 1 2: n nV × →  and class K 
functions α(·), β(·) such that 

 
 ( ) ( ) ( ) 1 2

1 1 2 1 1 2, , ,n nx V x x x x xα β≤ ≤ ∈ ∈  (24) 

 ( ) 1 2
1 2 1 1 2, 0, , 0,n nV x x x x xμΔ ≤ ∈ ≥ > ∈  (25) 

 
Then, the discrete-time nonlinear dynamical system 

(22)-(23) is globally bounded with respect to x1 uniformly 
in x2. 

Proof. See the proof of Theorem 13.12 in [29]. 
 
Theorem 2. Consider the discrete-time nonlinear 

dynamical system given by (22)-(23). Assume there exist 
functions 1 2: n nV × → , 1

1 2, , : nW W W →  such 
that ( ),V ⋅ ⋅  is continuous, 1( )W ⋅  and 2 ( )W ⋅  are 
continuous and positive definite, ( )W ⋅  is continuous and 
nonnegative definite, and for all ( ) 1 2

1 2, n nx x ∈ × , 
 

 1 1 1 2 2 1( ) ( , ) ( )W x V x x W x≤ ≤ , (26) 

 1 2 1( , ) ( )V x x W xΔ ≤ − . (27) 
 
Then for all ( ) 1 2

10 120 , ( ), n n x kx x ×∈ →   

                        ℛ 1
1 1{ : ( ) 0}nx W x∈ =  as k → ∞ . 

Proof. See the proof of Theorem 13.10 in [29]. 
 

2. Stability analysis 
 
In this subsection the boundedness and the convergence 

of the solutions of the discrete-time dynamical system 
given in (18)-(19) are discussed. Consider the scalar and 
continuous function 

 
 ( , ) (2 sin( ))k k kV e eζ ζ= + . (28) 

 
The difference defined by 
 

 1( , ) k kV e V Vζ +Δ = −   (29) 
 

can be determined as 
 

 
1 1

2( 1

sin( ) sin( )
k k

k k k k

V e e

e eζ ζ+ +

Δ = + −

+ −
  (30) 

Since |sin(·)|≤1, 

 
 13 k kV e e+Δ ≤ −   (31) 

 
is valid and using (18) 
 
 3k k kV e K Tζ ζ ϕΔ ≤ − + − . (32) 

 
can be obtained. After the utilization of (18), determining 
ζk in (19) successively yields 
 

 
1

1
2 0 2

0
( ) ( )

k
k k n

k n
n

I K T I Kζ ζζ ζ ϕ
−

− −

=

= + − +∑   (33) 

 
where I2 is 2 x 2 identity matrix. Using this result in (32), 
 

 
2 0

1
1

2
0

3 ( )

( )

k
k

k
k n

n k
n

V e K I K

T K I K

ζ ζ

ζ ζ

ζ

ϕ ϕ
−

− −

=

Δ ≤ − + +
⎡ ⎤⎛ ⎞− + +⎢ ⎥⎜ ⎟
⎝ ⎠⎣ ⎦
∑   (34) 

 
can be obtained. Note that, when 2{ } 1i I Kζλ + <  is satisfied 

(see (20)), since
1

20
( )k n

n
K I Kζ ζ

−

=
+∑  is bounded for all k, 

the following inequality holds 
 

 
2 0

1
1

2
0

( )

( )

k

k
k n

n k
n

K I K

T K I K

ζ ζ

ζ ζ

ζ

ϕ ϕ η
−

− −

=

+

⎡ ⎤⎛ ⎞
− + + <⎢ ⎥⎜ ⎟⎜ ⎟⎢ ⎥⎝ ⎠⎣ ⎦

∑
  (35) 

 
Implying 

 
 3kV e ηΔ ≤ − + . (36) 

 
where η is a positive number. Hence, the conditions of 
Theorem 1 are satisfied for (18)-(19) with V(e, ζ) in (28), 

( ) ( ), 3k ke e e eα β= =  and μ=3η. Therefore, the 
system given by (18)-(19) is globally bounded with respect 
to e uniformly in ζ 

Moreover, if φk is a constant for all k, then 
 

( )
1 1

2 0 2
0

( ) 0
k k nk

n k
n

K I K T K I K

as k

ζ ζ ζ ζζ ϕ ϕ
− − −

=

⎡ ⎤⎛ ⎞+ − + + →⎢ ⎥⎜ ⎟
⎝ ⎠⎣ ⎦

→ ∞

∑  

  (37) 
 

holds which gives 
 

 kV eΔ ≤ −   (38) 
 

That implies the global asymptotic convergence of the 
error vector to zero according to the Theorem 2 with V(e,ζ) 
in (28), 1 2( ) , ( ) 3k kW e e W e e= =  and ( ) .kW e e=   
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