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 Background: Permanent magnet DC (PMDC) motors are widely being used in 
orthopaedic surgeries to drill the bones and drive the screws. The control of these 
motors is done by using a traditional PI controller based chopper drive employing an 
inner current control loop and an outer speed control loop. Objective: In this paper, the 
chopper drive with a fuzzy tuned PI controller has been proposed for the applications of 
interest as its traditional counterpart has certain drawbacks. Results: The proposed 
drive has been simulated using Matlab/Simulink and the results have been analyzed. A 
comparative study has been made between the conventional PI controller based chopper 
drive system and the proposed one.  Conclusion: The analysis infers that the proposed 
drive system exhibits better steady state and transient state responses in addition to 
lower deceleration time. 
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INTRODUCTION 

 
 The branch of study in orthopaedics dealing with bone reduction is Osteosynthesis, in which the broken 
pieces of bones are fixed with help of screws and metal plates. In this surgical phenomenon Permanent Magnet 
DC motors (PMDC) are being used to drill the bones and fix the screws or metal plates. Trainee surgeons 
practice osteosynthesis process in cadaver bones rather than live humans. The reason behind this is the over 
tightening of the screws may result in additional bone fracture. In order to avoid it, proper control of the drilling 
motor is essential. Since 1990 researchers have been focusing on the orthopaedic drilling and drilling tools. The 
control of penetration of the drilling tool has been studied (Allota B et al 1996 and 1997) and a fuzzy logic 
drilling system has been proposed, which detects the layers of bone tissue and stops drilling automatically. The 
PMDC motor is used in the mechatronic drilling system proposed for ear surgery (Baker D et al 1996).  
 A modified drilling system with fuzzy logic approach has been demonstrated in order to estimate the 
thickness of stapes bone using torque pair of drilling profiles (Kaburlasos et al 1997 and 1998). The parameters 
influencing drilling speed viz. drill time and drill torque have been analyzed and a drill speed of the range 1000 
to 1500 rpm have been suggested (Reingewritz et al 1997 and Toews et al 1999). A closed loop chopper 
controlled drive has been proposed by Murugananth et al (2012a) has an inner current control loop and an outer 
speed control loop. The inner loop is used for ON/OFF control whereas the outer loop is used to regulate the 
motor speed. The outer speed control loop has been designed and analyzed with various controllers like PI and 
PID controllers by Murugananth et al (2012b). The performance of the chopper drive was enhanced using 
various Anti-Windup controller schemes have been analyzed by Murugananth et al (2013). The outcome of 
these studies pointed out that speed control and drilling time plays a vital role in Osteosynthesis phenomenon. 
With these ideas in mind, in order to achieve effective control in drilling process, a fuzzy tuned PI controller 
based chopper controlled drive has been proposed and discussed in this paper. The paper is organized in such a 
manner that section 2 deals with the mathematical modeling of the PMDC motor, section 3 depicts the chopper 
drilling system and its operating modes, section 4 illustrates the simulation model, results and discussions of the 
proposed chopper drive and section 5 concludes the study.  
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Mathematical Modeling of PMDC Motor: 
 PMDC motors have been widely used in medical instruments, automobiles, computer peripherals, robots 
etc., due to their linear speed torque characteristics. The high torque output and quiet operation properties of 
PMDC motors make them to use in orthopaedic surgical simulators. For an applied voltage of Va volts, the 
motor draws a current of Ia amps and develops a back emf of Vc volts. The mathematical model is derived from 
the electrical and mechanical characteristics of the motor by Ismail H. Atlas (2007) and Shankar et al (2011) is 
shown in Figure 1.  

 
Fig. 1: Equivalent Circuit model. 
 
The equations governing the mathematical model are : 

a
a c a a a

dIV V I R L
dt

= + +          (1) 

1c aV K ω=
           (2) 

a
E L a eq

dT T B J
dt
ωω= + +          (3) 

2E aT K I=            (4) 
 
Where, 
Va - armature supply voltage in V 
Vc - induced voltage in V 
Ra - armature resistance in Ohms 
La - armature inductance in H 
Ia - armature current in A 
K1 - voltage constant in volts sec/rads 
ωa - angular speed in rads/sec 
TE - electromagnetic torque developed in Nm 
TL - load torque in Nm 
Jeq – total Moment of Inertia in kg.m2 
B - damping Coefficient in Nms 
K2 - torque constant in Nm/A.  
 
The differential equations of the machine dynamics are: 
 

1a a a
a a

a a a
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          (6) 

 
Equations (5) and (6) yield a state space model of the drive system as 
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From the above expressions the mathematical model of PMDC motor is obtained as depicted in Figure 2.  
 

 
 
Fig. 2: Mathematical model of a PMDC motor. 
 
 The equivalent circuit parameters of the PMDC motor taken up for study are given in table 1.  
 
Table 1: Specifications of PMDC Motor. 

Parameter Value 
Output Power (Po) 52W 
Input Voltage (Va) 9V 

No-Load Speed (No) 4990 rpm 
Armature Resistance (Ra) 1 Ω 
Armature Inductance (La) 0.13 mH 

Total Moment of Inertia (Jeq) 4.8e-6 kgm2 
Damping Coefficient (B) 6.04e-6 Nms 

Voltage Constant (K1) 1.7e-2 volts sec/rads 
Torque Constant (K2) 1.68e-2 Nm/A 

 
Chopper Drive for PMDC Motor: 
 The block diagram of the closed loop chopper controlled drive system is depicted in Fig. 3 (Murugananth et 
al 2012a). The drive system consists of inner current and outer speed control loops with a power electronic 
switch driven by Pulse Width Modulated (PWM) gating signal. To obtain the variable speed, the supply voltage 
to the motor is varied by varying the duty cycle of the switch. It is known that the width of the gating signal 
determines the duty cycle of the switch. For the torque-speed control of the drive system, the motor current (I) 
and speed (N) are taken as feedback parameters. 
 
Inner Current Control Loop: 
 In the inner current loop, the current is measured as a function of torque and compared with the set value 
(Iref). The error between the set (Iref) and actual values of current (I) is utilized by the current controller and 
produces the ON / OFF control signal to the switch. As the strength of the healthy bone will be higher than the 
fractured bone, the resistive force offered by the former will be higher. Hence the healthy bone requires higher 
torque. As a result, motor draws more current. The increase in current drawn by the motor indicates that the drill 
bit comes in contact with the un-fractured part of the bone. It is a necessity that the drilling has to be stopped 
immediately the moment the drill bit touches the un-fractured part of the bone to avoid damage to it.  Hence the 
current controller deactivates the switch S and thereby it stops the motor as soon as the motor current (I) exceeds 
the set value (Iref). 
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Fig. 3: Block Diagram of the Chopper Drive System. 
 
Outer Speed Control Loop: 
 The basic operations of osteosynthesis are screw insertion, tightening and stripping. The bone is drilled to 
fix the screws. The speed required for drilling varies from 300 RPM to 2000 rpm (Toews et al 1999, Augustin et 
al 2007). Bone tightening and stripping require low speeds. Hence the speed of the motor is set with respect to 
the type of operation of osteosynthesis required. The outer speed control loop of the chopper drive facilitates the 
speed control of the motor. This loop compares the actual speed of the motor (N) with set value (Nref). The 
controller processes the error and generates appropriate gating signals to drive the switch and thereby it supplies 
required voltage to the PMDC motor.   
 
Operating Modes of the Drive System: 
Drilling Mode: 
 In the Osteosynthesis phenomenon, the bone drilling is the preliminary process. The speed and torque 
required for drilling depends on the bone density and screw geometry. The torque almost remains constant 
throughout the drilling. Based on the aforesaid drill parameters the set values of torque and speed are 
determined. The speed of the motor is governed by the motor input voltage. The speed of the motor is sensed 
and the error between the set and actual speed is calculated. This error is processed by the controller to generate 
the necessary signal for Pulse Width Modulation (PWM). The PWM in turn varies the conduction period of the 
switch and thus the output voltage of the chopper is varied to obtain the speed very close to the set value. As a 
result, the bone drilling is performed almost at a desired speed. It may be noted that the drilling process is 
governed by the outer speed control loop of the chopper drive system.   
 
Screwing Mode: 
 The necessity of the screwing mode is to insert, tighten and strip the screws during Osteosynthesis process. 
The speed required for screwing mode is less than that required for drilling, whereas the torque required is more. 
In this mode, the torque is fixed in terms of current. Certain amount of torque is required to tighten the screw. 
Once the screw is tightened, the torque increases beyond the required value if the screwing process is continued 
further. The increase in torque reveals that the screw is fixed. Increase in torque manifests in increase in current 
drawn by the motor. To avoid over tightening further screwing has to be stopped. To stop the motor, the inner 
current loop senses the current and turn off the switch to terminate supply to the motor. Thus the screwing is 
stopped when the current drawn by the motor increases beyond the set value and the motor comes to rest. The 
delay time taken by the motor under screwing mode of operation to become standstill soon after its input supply 
is discontinued is known as motor deceleration time in this context. The screwing operation is governed by the 
inner current control loop. 
 
Design of Fuzzy Tuned PI Controller: 
 In conventional Proportional Integral (PI) controller the gain values are fixed based on Ziegler Nicholas 
method of tuning (Ziegler & Nicholas 1942). In this paper, the fuzzy technique is used to tune the PI gain 
values. Fuzzy Logic Controller (FLC) is a rule based decision making system used for process control. As FLC 
is knowledge based system its rules are framed based on the type of response required. The proposed fuzzy 
tuned PI system has been simulated using Matlab/Simulink. In this system, the speed error and change in speed 
error are taken as parameters to frame the fuzzy rules. The fuzzy inference engine uses Mamtani method for 
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framing the fuzzy rules. The crisp values are fuzzified using min-max method of fuzzification. The error 
between the set speed and the actual speed (E) and the rate of change of speed error (EC) are fed as crisp inputs 
to the FLC. These crisp inputs are converted into fuzzy sets by using min-max method. The input functions are 
framed from the following expressions. 
Error, e(t) = ωr(t) – ωa(t)          (9) 
Change in error, Ec =  e(t) – e(t-1)                                                        (10) 
Where,  
 ωr = reference speed in rad/s 
 ωa = actual speed in rad/s 
 e(t) = instantaneous error 
 e(t-1) = error of the previous instant 
 These inputs are fuzzified as Negative Big (NB), Zero Error (ZO), and Positive Big (PB). To have efficient 
and smooth control, the output membership functions are framed as Zero (Z), Small (S), Medium (M) and Big 
(B). The fuzzy membership functions of inputs speed error (E) and change in speed error (Ec) are given in table 
2(a). The output membership functions of proportional gain (Kp) and integral gain (Ki) are framed as tabulated 
in table 2(b) and (c). The membership function plots of inputs and outputs (Kp and Ki) are shown in figure 4. 
The If-Then rules of the fuzzy logic controller (FLC) are framed from the membership functions. The rules are 
evaluated according to the compositional rule of inference. These rules decide the working of the FLC. From the 
input membership functions nine fuzzy IF-Then rules are framed. The fuzzy rules framed are as follows: 
IF E is NB and EC is NB KP is B and KI is Z 
IF E is NB and EC is ZO KP is B and KI is Z 
IF E is NB and EC is PB KP is M and KI is Z 
IF E is ZO and EC is NB KP is M and KI is B 
IF E is ZO and EC is ZO KP is Z and KI is Z 
IF E is ZO and EC is PB KP is B and KI is B 
IF E is PB and EC is NB KP is M and KI is Z 
IF E is PB and EC is ZO KP is B and KI is B 
IF E is PB and EC is PB KP is B and KI is B 
 
Table 2: Membership Functions. 
(a) Input Speed Error (E) And Change In Speed Error (Ec) 

Fuzzy set Description Shape of the Membership Function 
Negative Big (NB) Large error difference in negative direction Triangular Membership Functions 

Zero (ZO) Zero error difference 
Positive Big (PB) Large error difference in positive direction 

 
(b) Output Gain Function Kp 

Fuzzy set Numerical Range Params Shape of the Membership 
Function 

Zero (Z) 5.5 to 7 [5.001 5.5 6.001] Triangular Membership 
Function Small (S) [5.5 6.001 6.499] 

Medium (M) [6.001 6.499 7] 
Big (B) [6.499 6.8 7.5] 

 
(c) Output Gain Function Ki 

Fuzzy set Numerical Range Params Shape of the Membership 
Function 

Zero (Z) 2.5 to 3 [2.333 2.5 2.667]  
Triangular Membership 

Function 
Small (S) [2.5 2.667 2.833] 

Medium (M) [2.667 2.833 3] 
Big (B) [2.833 3 3.167] 

 
Simulation Model and Results: 
 The Matlab/Simulink model of the proposed fuzzy tuned PI system is shown in Fig. 5. The torque error 
determined from the actual and set current values is processed by the inner current control loop to turn the 
switch ON and OFF. For speed control, the outer speed control loop process the speed error which is a 
difference between set and actual speed and generate appropriate PWM signal to drive the switch. The responses 
of the system with proposed fuzzy tuned PI controller have been illustrated in Fig. 6 for both screwing and 
drilling modes of operation.  
 Figure 6 (a) depicts that in drilling mode of operation the speed overshoots and it settles down very close to 
the set value within a very short duration of time. As far as screwing mode of operation is concerned, it is 
observed from the simulated response that the motor decelerates to stop when its torque is increased as 
illustrated in Figure 6(b).  
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 The simulated results of the proposed fuzzy tuned PI controller and traditional PI controller based chopper 
drive schemes have been tabulated and compared on the aspects of peak overshoot, steady state error and 
decelerating time as given in table 5. For performance comparison, the characteristic curves have been plotted 
for the aforesaid schemes as depicted in figure 7.  
 

      
 
(a) Input E       (b) Input Ec 

     
(C)     Output Kp     (d) Output Ki 
 
Fig. 4: Graphical representation of Membership functions. 
 

 
Fig. 5: Simulink Model of the Proposed System. 
 
Table 5: Simulated values of different PI controller schemes.  
(a) Peak Overshoot. 

Set Speed (rpm) Peak Overshoot (%) 
PI Controller Scheme Fuzzy Tuned PI Controller Scheme 

300 44 43.1 
600 25. 7 23.8 
900 14. 4 12.1 
1000 11.6 9.4 
1200 7.77 6.3 
1500 5. 7 5.2 
2000 3.2 3.1 

 
(b) Steady State Error. 

Set Speed (rpm) Steady State Error (%) 
PI Controller Scheme Fuzzy Tuned PI Controller Scheme 

300 4. 7 3.2 
600 2.5 1.9 
900 0.56 0.54 

1000 0.45 0.40 
1200 0.42 0.39 
1500 0.4 0.25 
2000 0.32 0.19 

 
 
 



262                                                                               G. Murugananth et al, 2014 
Australian Journal of Basic and Applied Sciences, 8(1) January 2014, Pages: 256-264 

 
(c) Motor deceleration time. 

Set Speed (rpm) Motor Deceleration Time (sec) 
PI Controller Scheme Fuzzy Tuned PI Controller Scheme 

300 0.46 0.44 
600 0.55 0.52 
900 0.63 0.54 

1000 0.75 0.65 
1200 1.02 0.99 
1500 1.42 1.35 
2000 2.2 2.12 

 

 
(a) Drilling Mode 

 

 
(b) Screwing Mode 

 
Fig. 6:  Simulated response of proposed fuzzy tuned PI Controller scheme. 
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(a) Peak Overshoot 

 
(b) Steady State Error 

 

 
(c) Motor Deceleration Time 

 
Fig. 7: Performance characteristics of PI and Fuzzy Tuned PI Controller Schemes. 
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Inferences: 
  The peak overshoot and the steady state error decrease with increase in set speed in both PI and fuzzy 
tuned PI controller schemes as portrayed in figure 7 (a) and (b). It is known that the angular speed of the system 
is inversely proportional to the damping ratio of B/Jeq. Owing to this reason, the peak overshoot reduces with 
increase in speed.   The deceleration time of the motor depends on moment of inertia ( Jeq ) of the drive system. 
Increase in set speed increases the motor deceleration time (Jeq) as figure 7(c) describes. The reason may be Jeq 
remains constant at any motor speed. Irrespective of the speed at which motor runs the peak overshoot, steady 
state error and the deceleration time are less in the case of proposed scheme when compared to traditional PI 
controller scheme. As far as the aforesaid performance parameters of these schemes are concerned, significant 
reduction is observed with proposed scheme especially at speeds ranging from 900 to 1500 rpm.   Both the 
schemes exhibit extremely higher values of performance parameters at low speeds and it is perceived with 
speeds below 300 rpm in particular.  
 
Conclusion: 
 The fuzzy tuned PI controller based chopper drive scheme has been proposed for PMDC motor used in 
Osteosynthesis phenomenon of Orthopaedic surgeries. This drive system has been simulated for the drilling and 
screwing modes of operations using MATLAB/Simulink. The performance comparison has been made between 
the two schemes of interest. The simulation study corroborates that the proposed scheme has an edge over 
traditional PI controller based scheme on the aspects of deceleration time, the steady and transient state 
responses.  
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