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Abstract: - In this work, a comparative study of three control strategies for the position control of a permanent 
magnet DC motor with dead zone is presented. The strategies analyzed are the classical PI controller, a new 
approach based on a linear controller with double integral effect, and the Inverse Dead Zone approach. Through 
the results here exposed it is shown that the new approach based on a controller with double integral effect 
results in a control system capable of achieving smaller position error, reducing the undesirable stick/slip effect 
without inducing high frequency oscillations or chattering in the control variable. In addition, and thanks to its 
linear nature, it is possible to determine stability and robustness of the resulting control system by means of the 
classical margins of gain and phase making this approach suitable for an engineering context 
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1 Introduction 

 
Permanent Magnet DC Motors (PMDC) are 

widely used for control purposes due to their high 
torque and wide speed ranges and because they are 
also relatively easy to analyze and model. These 
electromechanical devices are very common in 
applications where high power and precision are 
required, such as: biomedical equipment, medical 
robots, household appliances, machine tools and as 
an actuator in many industrial processes, [1], [2]. 
Despite the fact that PMDC motors are relatively 
easy to control, [3]; in conditions where it is 
necessary to operate at low speeds or where high 
precision position control is required, the design of 
the controller is not an easy task due to inherent 
non-linear motor dynamics, such as friction and the 
so-called dead zone, [4]–[6]. 
 

Usually, the dead zone is created by friction and 
inertias, especially by Coulomb friction force, [7]–
[9]. This phenomenon is found in a wide variety of 

actuators such as electric motors and hydraulic 
valves, [10], [11]. In fact, it is considered one of the 
main nonlinearities in industrial processes, [12]. 
Because the dead zone can affect the performance 
and stability of position control systems, [13]–[15], 
several controllers have been proposed to try to 
reduce this problem, among the most used are those 
based on adaptative control, [16]–[21], sliding mode 
control [22], [23], and intelligent controllers, [24]–
[27]. Although these strategies report excellent 
results, their conclusions are based on digital 
simulations and not by real-time implementations. 
This may be because the resulting controllers are 
highly complex, so their implementation becomes 
extremely difficult or almost impossible. 
Furthermore, most of these controllers use the so-
called “Inverse Dead Zone” (IDZ) to cancel the 
dead zone phenomenon compromising the integrity 
of the process since the use of this strategy induces 
extremely high frequencies responses or chattering 
in the control variable, [28]. Another feature of most 
of these controllers is that they are designed for 
speed control purposes, where the dead zone no 
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longer exists, and only a few have been designed for 
position control. 

 
On the other hand, few controllers have been 

actually implemented to deal with the dead zone 
problem and its effects reporting adequate 
performance. For example, the predictive controller 
implemented in a plant whose actuators are DC 
motors, [29], or the switched controller proposed in 
[30], where the stick/slip phenomenon, caused by 
the dead zone and friction present in a magnetic 
levitation system, is reduced. Nevertheless, these 
controllers have the disadvantage that their design 
and real time implementation are usually complex. 
Furthermore, establishing necessary stability 
conditions is not straightforward. 

 
In this work, a new strategy based on a linear 

controller with double integral and a lead 
compensator (PII) is proposed to reduce the dead 
zone phenomenon in the position control of a 
PMDC motor. This results in a controller that is 
easy to implement and, due to its linear nature, 
determine stability and robustness conditions using 
the classic phase and gain margins. The main 
objective behind the PII controller is to get the 
motor out of the dead zone as fast as possible, where 
it operates in open loop, to maintain or recover 
control over the motor. 

 
In order to evaluate the performance of PII 

controller, the position response obtained by the PII 
controller is compared, through real-time 
implementation, with the position response of a 
simple PI controller and, by a digital simulation, 
with the response of a PI controller using inverse 
dead zone strategy. It is necessary to clarify that 
Inverse Dead Zone approach had to be digitally 
simulated -using a validated nonlinear model of the 
permanent magnet DC motor that includes dead 
zone and viscous and Coulomb frictions, [31]- to 
maintain integrity of the motor experiment bench 
which can be seriously damage by the high 
frequency modes or chattering in the control 
variable. 

 
The article is structured as follows: in section 2, 

model of the PMDC motor of the Quanser Direct 
Current Motor Control Trainer (DCMCT) system is 
described. Section 3 presents the parameters and 
characteristics of the Quanser DCMCT system. 
Section 4 describes the design of the proposed PII 
controller. Section 5 shows the design of the PI 
controller. In Section 6, shows the design and digital 
simulation of the Inverse Dead Zone control 

approach. Section 7 describes the real time 
implementation of PII and PI controllers. In Section 
8 an analysis of the results is presented. Finally, 
conclusions are shown in section 9.  
 

2 Mathematical Modeling 

 
The PMDC motor can be modelled using two 

linear equations: one for electrical and the second 
for mechanical subsystems. 
 
 𝑣(𝑡) = 𝑅𝑖(𝑡) + 𝐿

𝑑𝑖(𝑡)

𝑑𝑡
+ 𝐸𝑎 (1) 

 
 𝑇𝑚(𝑡) = 𝑘𝑚𝑖(𝑡) (2) 

 
 𝑇𝑚(𝑡) = 𝐽

𝑑2𝜃(𝑡)

𝑑𝑡2
+ 𝑏

𝑑𝜃

𝑑𝑡
 (3) 

 
Equation (1) represents the electrical subsystem 

where 𝑣(𝑡) is the applied armature voltage, 𝑖(𝑡) is 
the armature current, 𝐸𝑎 = 𝑘𝑚

𝑑

𝑑𝑡
𝜃(𝑡) is the counter 

electromotive force and, 𝐿 and 𝑅 represent the 
inductance and resistance of armature winding, 
respectively. 

 
The expression (3) represents the mechanical 
subsystem where 𝑇𝑚(𝑡) is the magnetic torque, 𝑘𝑚  

is the motor constant, 𝐽 is the motors rotor 
equivalent moment of inertia, 𝑏 is the friction 
coefficient and 𝜃 is the angular position of the rotor. 
In this model the counter electromotive force 
present in the motor is assumed negligible. 
 
 The transfer function 𝐺𝑒(𝑠) of the electrical 
subsystem neglecting the counter electromotive 
force, since it is very small at low speed, results in: 
 
 

𝐺𝑒(𝑠) =
𝐼(𝑠)

𝑉(𝑠)
=

1

𝑅

(
𝐿

𝑅
𝑠 + 1)

 (4) 

 
Expression (5) shows the transfer function for 

the mechanical subsystem with 𝜔(𝑡) = �̇� as the 
rotor velocity. 
 
 

𝐺𝑚(𝑠) =
𝜔(𝑠)

𝑇𝑚(𝑠)
=

1

𝑏

(
𝐽

𝑏
𝑠 + 1)

 ;  

 
𝑇𝑚(𝑠) = 𝑘𝑚𝐼(𝑠) 

(5) 

 
Therefore, the transfer function relating rotors 

velocity 𝜔(𝑡) to input voltaje 𝑣(𝑡) is given by: 
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 𝜔(𝑠)

𝑉(𝑠)
=

𝑘𝑚

𝑅𝑏

(
𝐽

𝑏
𝑠 + 1) (

𝐿

𝑅
𝑠 + 1)

 (6) 

 
Transfer function (6) can be simplified by pole 

dominance because the electrical mode is faster than 
the mechanical mode, [4], [32]; thus, the PMDC 
motor transfer function reduces to: 

 
 𝜔(𝑠)

𝑉(𝑠)
=

𝑘𝑚

𝑅𝑏

(
𝐽

𝑏
𝑠 + 1)

 (7) 

 

3 Quanser’s DCMCT system 

 
The DCMCT system is shown in figure 1, and 

the most important hardware components of this 
system are, [33]: 

 An analog current sensor, which consists of 
a load resistor connected in series to the 
output of the amplifier. 

 An analog speed sensor, whose range is 
±5V, so the signal obtained is scaled. 

 A potentiometer which can be coupled via 
belt to the motor shaft. 

 A quadrature optical encoder mounted to 
the rear of the motor. 

 High quality Maxon’s graphite brush 
coreless PMDC motor driven by a linear 
power amplifier. 

 
Fig. 1. Direct Current Motor Control Trainer system. 

Although Maxon PMCD motor manufacturer 
parameters are available, table I, it is well known 
that these depend on the conditions under which 
they were measured and that they can also be altered 
by connection and operating conditions. Therefore, 
the parameters reported in [31], table II, will be used 
to model the PMDC motor.  

 
 Table I. Parameters Estimated by Experimental 

Tests 
 

 Parameter Value 

𝑅 2.3724 Ω 
𝐿 17.7933 ×  10−3 H 

𝑘𝑚 50.2 × 10−3 Nm/A 
𝐽 3.10442 × 10−3 kg m2 

𝑏 0.0314 N m 
 

 

 
4 PII Controller Design  
 

By the expression (7) and the parameters 
estimated of the table 2, the transfer function motor 
is shown in (8). 
 
 

𝐺𝑚 =
0.545287

(0.08𝑠 + 1)
 (8) 

 
Therefore, the transfer function that relates the 

position of the rotor and the supply voltage is shown 
in (9) 
 
 

𝐺𝑚𝜃
(𝑠) =

0.545287

𝑠(0.08𝑠 + 1)
 (9) 

 
Because PII controller will be discrete time 

implemented, the discretized transfer function of 
(9), including ZOH (Zero Order Hold), assuming a 
sampler period 𝑇 = 0.02s results in: 
 
 

Gmθ
(z) =

1.256×10−3z+1.156×10−3

z2−1.779z+0.7788
 (10) 

 
As mention above, the objective is to design a 

position controller easy to implement, analyze and 
capable of reducing the effects of the dead zone that, 
in conjunction with Coulomb and viscous frictions, 
affects control system performance and possibility 
of achieving zero position error; that is, the so call 
Stick-Slip effect. Therefore, through PII controller is 
possible to attenuate response oscillations –limit 
cycle– rendering small position errors. 

 
The controller design approach is based on the 

Root Locus approach since it allows to easily 
determine the location of controller poles and zeros. 
In the same way, through this method it is possible 
to secure control system stability. 
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Fig. 2. Root Locus plot of the PMDC motor. 

 

 
Fig. 3. Root Locus plot of the PMDC motor with PII controller. 

 
The root locus plot for the PMDC motor is 

shown in 2, corresponding to the transfer function 
(10). The figure shows that the system is critically 
stable. It has two poles: one at 1, due to the integral 
effect of the plant; and the second at 0.7788. It also 
has a single zero located at −0.92, very close to the 
unit circle. 
 

Considering that the proposed controller has two 
integrators, the system will have three poles at 
(1,0), on the unit circle. Thus, the lead compensator 
and the zeros corresponding to each of the 
integrators, must be positioned ensuring system 
stability and robustness. 

The root locus strategy for controller’s design is 
based on the fact that closed loop poles trajectories 
starts at the open loop poles and end at the open 
loop zeros. Therefore, it is possible to ubicate 
controller poles and zeros assuring close loop 
stability, remaining only to calculate controllers 
gain to assure stability and performance. 

  
The resulting PII controller is given by: 

 
 

𝐶(𝑧) =
80𝑧3 − 207.2𝑧2 + 174.7𝑧 − 47.52

𝑧3 − 1.7𝑧2 + 0.4𝑧 + 0.3
 (11) 

 
Figure 3 shows the root locus of the PMDC 

motor with the PII controller. In the figure can be 
observed that the system is stable. 

 
Fig. 4. Control system using PII controller Bode diagram. 

Also, figure 4 shows the Bode diagram of the 
control system 𝐶(𝑧)𝐺𝑚𝜃

(𝑧), where it is possible to 
observe and determine that the system has a phase 
and gain margins 𝑀𝑓 = 60.3° and 𝑀𝑔 = 23.1 dBs, 
respectively, with a bandwidth 𝜔𝐵 = 10.9 rad/s. It 
is possible to assure stability and robustness based 
on phase and gain margins as these indicators are 
valid when the input voltage induces a magnetic 
torque out of the dead zone, that is, when the motor 
operates out of the dead zone and is under control. 
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On the other hand, when the motor works within the 
dead zone it is operating open loop and because it is 
stable, global stability can be assured. 

 
5 PI Controller Design 
 

To compare the PII controller performance a PI 
controller is designed. The resulting PI controller is 
designed like the PII controller resulting in: 
 

 𝐶(𝑧)𝑃𝐼 =
5(2𝑧 − 1.98)

𝑧 − 1
 (12) 

 
Figure 5 shows the root locus plot corresponding 

the control system 𝐶(𝑧)𝑃𝐼𝐺𝑚𝜃
. Analyzing the figure, 

is possible to determine that the system is stable. 
Due to the integral effect one pole is located on the 
unit circle, while the zero is located at 0.99. The 
zero observed in the negative values of the unite 
circle belongs to the PMDC motor. 

 
Fig. 5. Root Locus plot of the PMDC motor with PI controller. 

The Bode diagram of the control system 
𝐶(𝑧)𝑃𝐼𝐺𝑚𝜃

 is shown in figure 6.  The control 
system has a gain margin of  𝑀𝑔 = 25.3 dBs with a 
bandwith  of  𝜔𝐵 = 33.9 rad/s  and a phase margin 
of  𝑀𝑓 = 59.4°, therefore the system is robust.  
 
 
 

6 Inverse Dead zone Design 

IDZ strategy allows canceling the dead zone 
phenomenon and, together with a position 
controller, reduces steady state error and stick/slip 
effect caused by the dead zone in conjunction with 
the Coulomb and viscous frictions.   

The symmetric inverse dead zone model is 
shown in figure 7, where 𝑢𝑑 is the desired  output, 𝑢 
is the input voltage in the inverse dead zone, which 
is the same as the voltage supplied by the controller. 
𝛿𝑣 is the dead zone breakdown voltage. 

 
Fig. 6. Control system using PI controller Bode diagram. 

 

 

 
Fig. 7. Inverse dead zone symmetrical model. 

The inverse dead zone is modeled by the block 
function in Matlab®/Simulink™. The code that 
model this strategy is shown in figure 8, where ud 
represents the desired output, u is the inverse dead 
zone input and dv, represents the breaking point of 
the dead zone.  Inverse dead zone parameters 
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depend on dead zone parameters. This were 
obtained from [31]. 
 

  
Fig. 8. Inverse dead zone Matlab®/Simulink™ code. 

7     Implementation 

The PII and PI controllers are implemented using 
the Matlab®/Simulink™ Real-Time tool. The data 
acquisition is carried out through the National 
Instrument (NI) SCB-68 shielded I/O connector 
block, which has 68 screw terminals. This block is 
connected to the DAQ I/O device PCIe-6363 also 
designed by NI. The PCIe-6363 has 32 16-bit 
analogic channels, with a maximum sampling rate 
of the 2MS/s and supported voltage of the input 
channels is from +0.1V to +10V. 

 
The control system based on PII controller and 

the PI controller is tested in the DCMCT system 
assuming a sequence of square inputs as reference 
signal. The dead zone of the DCMCT system is 
found in the range of −0.35V to 0.3V for the input 
voltage. That is, the dead zone is not symmetrical. 

 
Likewise, both drivers are compared using the 

non-linear model of the Maxon PMDC motor, 
which includes the DCMCT system, proposed in 
[31]. 

 
 Figure 9 shows the PII controller rotor position 

response. From this figure is possible to observe that 
the controller has a good performance with very low 
steady state error of approximately |e| < 0.004. 

 
The low frequency oscillations of the control 

variable are due to the high gain generated by the 
double integrator necessary to get the process out of 
the dead zone as fast as possible. Furthermore, PII 
controller high gain can adequately compensate for 
the noise produced by the sensor. 

 
Figure 10 shows the response of the rotor 

position to variations of the reference signal from 
0.5V to 0V and from 0V to −0.5V. From this figure 

it is possible to observe that the performance of the 
controller when the motor rotates counterclockwise 
is the same as that of clockwise rotation despite the 
non-symmetrical dead zone. 

 
In both figures it can be seen that the non-linear 

model and the real motor have similar results, the 
variation in the responses, is due to the fact that the 
sensor noise and other dynamics present in the 
system are not considered in the non-linear model. 
Despite this, it is possible to observe that the 
nonlinear model is a good representation of the real 
system. 

 
Fig. 9. Motor position step responses with PII controller. 

The rotor position responses of the PI controller 
are shown in figures 11 and 12. Through both 
figures it is possible to observe that the PI 
controller, despite having a good performance in the 
real system, cannot be able to compensate the noise 
of the sensor with fast as the controller with double 
integral effect does. This is clearly shown in the 
error presented by the oscillations. 
 

Likewise, figure 13 shows the comparison 
between PII and PI controllers under disturbances, 
where it is observed that the first responds more 
quickly and with better performance than the 
second. The response of the PI controller tends to be 
slower and in the event of consecutive disturbances 
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the system would not be able to compensate for 
them. 
 

The responses of the PI + IDZ controller are 
shown in figures 14 and 15. This controller is 
implemented through the non-linear model because 
the response presents high frequency oscillations as 
shown in figure 14. These oscillations are due to the 
presence of chattering in the control signal as 
observed in figure 16, thus confirming what most 
studies have reported about the use of this strategy 
to reduce the dead zone phenomenon. Due to this, 
the analysis of this strategy is only carried out by 
simulation, where it is observed that this strategy 
has a good performance in the system with a 
constant low steady state error. 

 

 
Fig. 10. Motor position step responses with PII controller. 

 

8  Analysis of Results 

 
Observing figures shown in section 7, is clear 

that the objectives of the proposed PII controller are 
satisfied. The system has a small steady state 
position error, can compensate the sensor noise and 
is relatively easy to design and implement. Also, no 
dead zone cancellation is required, neither to know 
dead zone parameters whether symmetric or not. 
Likewise, through comparison among other 
controllers is clearly that the proposed strategy 

provides a better performance reducing dead zone 
effects.  

 
Observing the PII controller output, shown in 

figure 17, the system does not present any type of 
chattering, normally present in approaches where 
IDZ is used. Similarly, due to the integral double 
effect presented by the PII controller, its output 
tends to be parabolic rather than linear, allowing the 
system to stay within the dead zone for the shortest 
possible time. Additionally, the controller with 
double integral effect and lead compensator allows 
to determine stability and robustness because it is 
based on design strategies of the classic control as 
shown in section 4. 

 

 
Fig. 11. Motor position step response with PI controller. 

 
 
On the other hand, although classical PI 

controller is easy to implement and design, and with 
good responses, figure 11, it cannot reduce the 
stick/slip phenomenon induced by the dead zone 
and friction, resulting in higher errors and 
oscillations than those obtained by PII controller 
making it not suitable for high precision control 
requirements.  
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9  Conclusion 

 
A new linear position control system was 

designed and implemented to reduce the dead zone 
phenomenon in a PMDC motor. The controller has a 
double integral effect and lead compensator. 
Through the implementation of the control system it 
was observed that it generates a very small steady 
state error and provides a good performance against 
the effects generated by the nonlinearities of the 
system and sensor noise. 

 
Because it is based on classic control design 

strategies, it is possible to determine the stability 
and robustness of the system using classical control 
indicators. Moreover, because the PII controller 
forces the motor out of the dead zone as fast as 
possible it is not necessary to know the dead zone 
parameters and characteristics, resulting in a 
controller easy to implement and assess.  

 

 
Fig. 12. Motor position step response with PI controller. 

On the other hand, the PII controller was 
compared by real-time implementation with the PI  
controller, and by simulation with a PI+IDZ 
controller, where it was possible to determine that 
the strategy proposed provides a better behaviour 
against disturbances without presenting any type of 
chattering in the control signal.  
 

Based on the results here presented, controllers 
with double integral action may represent an 
adequate alternative to the design of control systems 
for any kind of actuators, not only electric motors, 
subjected to the combined action of dead zone and 
Coulomb friction. 
 

 
Fig. 13.  Comparison between PI and PII controllers under disturbances. 
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Fig. 14. Motor position step response with PI+IDZ controller. 

 
Fig. 15. Motor position step response with PI+IDZ controller. 

 

 
Fig. 16. PI+IDZ controller output. 

 
Fig. 17. PII Controller output. 
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