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Permanent magnet DC (PMDC) motors are widely used in many devices, 

such as in robotics, medical equipment, and industrial machinery, because 

they are small and easy to control. However, their operation can be affected 

by external disturbances such as load fluctuations. Conventional Proportional 

Integral (PI) controllers, although simple, are not sufficiently robust against 

such disturbances. This study proposes a novel control scheme for improving 

PMDC motor performance. It combines a simple PI controller with a 

Nonlinear Disturbance Observer (NDOB). A key advantage of the NDOB is 

its enhancement of robustness via actively estimating and compensating 

lumped disturbances. This makes the system more robust to disturbances and 

modelling errors while maintaining simplicity of structure and use. The 

controller parameters (PI gains and the NDOB low pass filter cutoff 

frequency) have been optimized using a custom algorithm called Arctic 

Puffin Optimization (APO) that ensure global optimal selection of the tuned 

parameters. The proposed combined weighted cost function allowed for the 

best balance between response speed, disturbance rejection, and control 

effort. The new controller has been tested in MATLAB/Simulink and 

compared with standard PI controllers. Under step load disturbance, the 

proposed controller achieves an 88.6% reduction in ITAE compared to 

conventional PI control. In the presence of sinusoidal load disturbance, the 

ITAE is further reduced by 94.9%, demonstrating strong disturbance 

rejection capability. Moreover, under parameter uncertainties, the settling 

time is improved by 36.8%, while the ITAE is reduced by 56.8%. The results 

demonstrate improved robustness and faster transient response compared to 

standard PI control making the proposed controller a superior solution for 

many applications such as robotic actuators and industrial positioning 

systems.  
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1. INTRODUCTION 

PMDC motors are widely used in many systems like robotics, electric vehicles, and industrial automation 

thanks to their compact design, and ease of control [1][2]. However, the performance of these motors is 

significantly affected by load torque disturbances, and measurement noise [3]. 

The control of PMDC motors has been extensively studied over the recent years. Researchers have 

proposed a wide range of configurations to improve motor speed tracking accuracy, and robustness to 

uncertainties and external disturbances. 

Classical PID and PI controllers remain the most famous solution for PMDC motor speed control, due to 

their simple design, ease of implementation, and low cost [4]–[14]. They often represent a fundamental baseline 

for comparison with other control techniques [15]–[21]. However, they suffer from their sensitivity to parametric 

variations and external disturbances which limits their effectiveness in dynamic or uncertain environments. 

To resolve these limitations, several researchers proposed more advanced control strategies that can be 

broadly categorized into predictive and observer driven methods, intelligent approaches, nonlinear robust 

techniques, and optimal linear controllers. In [22][23], Observer based predictive controls have been used to 

estimate global disturbances and optimize the control signal. These approaches improve the motor speed tracking 

at the cost of considerable computational demands, which can limit real time implementation of these controllers. 

In parallel, intelligent methods including neural, neuroadaptive adaptive, and fuzzy control approaches 

have become popular due to their ability to online estimate unknown load torque variation and adapt to parameter 

perturbations [20],[24]–[33]. They offer excellent ability to manage nonlinearity and variable loads, but require 

stability proff and complex parameter tuning. 

Another dominant trend is the nonlinear robust techniques such as sliding mode control (SMC) and its 

higher order variants. Findings of [34]–[38] have shown a significant improvement in disturbance rejection and 

a reduction in transient overshoot. However, these approaches often suffer from chattering, which some higher-

order versions attempt to mitigate. 

Observer based disturbance rejection strategies like active disturbance rejection control (ADRC) [3],[39], 

extended state observer (ESO) [40]–[42] and nonlinear ESO (NLESO) methods [42][43] also provide effective 

disturbance rejection by dynamically estimating and compensating total disturbances; however, their 

implementation often requires multiple observer gains and careful bandwidth tuning, and high observer 

bandwidth may increase sensitivity to measurement noise. 

Finally, optimal linear controls such as LQR or hybrid LQR-PID can improve steady state regulation and 

reduce oscillations in PMDC systems associated with converters [44]–[47]. 

Despite the significant progress achieved by these approaches, most of them are very complex to 

implement, require significant computational effort, or require complicated online tuning, which limits their 

usage in low cost embedded applications. 

In this context, this study proposes a NDOB to actively estimate and compensate for disturbances effects 

and consequently improve the conventional PI controller robustness performance. This novel structure keeps the 

simplicity of a PI controller while integrating a disturbance observer to improve the controller robustness against 

model uncertainties and external load disturbance. The proposed controller requires low computational overhead 

which makes it suitable for embedded PMDC applications that requires reliable performance under motor load 

variations. The controller and observer parameters are tunned offline using Arctic Puffin Optimization (APO) 

algorithm, achieving an optimal balance between response speed, disturbance rejection, and control effort. 

Unlike classical PI tuning for nominal linear systems, the proposed integrated design requires optimization of 

the PI gains and the NDOB cutoff frequency. The interaction between these parameters results in a nonlinear 

and coupled performance optimization field. The APO algorithm is therefore utilized to explore the trade-off 

between tracking performance and control effort, avoiding the use of manual trial and error tuning. 

The validity of the proposed controller is examined through simulation and the test results are compared 

with that obtained using classical PI structures. The overall system performance is evaluated in terms of its 

ability to supress external load torque disturbances, and cope with motor parameter variations. 

The main novelty of this work is the integration of a NDOB with a classical PI controller, combined with 

parameters tuning using the APO algorithm that leads to a balanced between robustness and simplicity. The 

controller in this paper can be applied to the embedded industrial applications easily, as an alternative to complex 

control structures. 

The remainder of this paper is organized as follows: Section 2 presents the electrical and mechanical 

dynamic equations, and the state space representation of the motor. Section 3 details the conventional PI 

controller structure for speed control and the design and control law of the NDOB integrated into this structure. 

Section 4 describes how the controller and observer parameters are tuned by minimizing a cost function using 

APO algorithm. Section 5 evaluates the performance of the proposed controller against step and periodic load 
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disturbances and its robustness against motor parameter uncertainties through simulation tests. The study 

concludes with a summary of the results obtained in Section 6. 

 

2. MATHEMATICAL MODEL OF PMDC MOTOR 

This work considers a PMDC motor, which is widely used in medium and low power drive systems due 

to its simple design and good control properties. The mathematical model of the motor is derived based on the 

armature electric circuit equations and the rotor dynamics equation. 

The following assumptions are made during model derivation: The motor operates within the linear 

region, the magnetic flux is constant, and the friction is viscous (linear). 

Below is the complete mathematical model derivation of a PMDC motor. The model includes PMDC 

motor electrical and mechanical equations and also the state space representation. The PMDC motor parameters 

definitions, symbols, and their numerical values are shown in Table 1.  

 
Table 1. PMDC motor parameters [48] 

Parameter Symbol Value 
Armature resistance 𝑅 0.7𝛺 
Armature inductance 𝐿 0.5𝑚𝐻 
Back EMF coefficient 𝐾𝑒 0.0342 𝑉 · 𝑠/𝑟𝑎𝑑 

Torque coefficient 𝐾𝑡 0.0342 𝑁.𝑚/𝐴 
Viscus friction 𝐵 0.001 𝑁 · 𝑚/𝑘𝑟𝑝𝑚 

Inertia 𝐽 0.02825 × 10−3 𝑘𝑔 · 𝑚² 

 

 

2.1. Electrical Equation (Armature Circuit) 

Electrical circuit for the PMDC motor consists of an armature coil where the voltage source 𝑣𝑎(𝑡) is 

applied to its terminals. The armature equivalent circuit can be represented as an inductor 𝐿  connected in series 

with a resistor 𝑅 and a back electromotive force (Back EMF 𝑒𝑏(𝑡)) as shown in Figure 1. The back EMF is 

generated during the motor rotation and directly proportional to its rotation speed ω(𝑡), as in the following 

equation: 

 𝑒𝑏(𝑡) = 𝐾𝑒𝜔(𝑡) (1) 

By applying Kirchhoff's voltage law to the armature circuit shown in Figure 1, the following equations can be 

derived 

 𝑣𝑎(𝑡) = 𝑅𝑖𝑎(𝑡) + 𝐿
𝑑𝑖𝑎(𝑡)

𝑑𝑡
+ 𝑒𝑏(𝑡) (2) 

Combining Eq. (1) and Eq.  (2), the electrical equation becomes [49]: 

 𝐿
𝑑𝑖𝑎(𝑡)

𝑑𝑡
+ 𝐾𝑒𝜔(𝑡) + 𝑅𝑖𝑎(𝑡) = 𝑣𝑎(𝑡) (3) 

 

 
Figure 1. PMDC motor schematic drawing 
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2.2. Mechanical Equation (Rotor Dynamics) 

The rotor torque equation is obtained by applying Newton-Euler as in the following: 

 𝐽
𝑑𝜔(𝑡)

𝑑𝑡
+ 𝐵𝜔(𝑡) = 𝑇𝑚(𝑡) − 𝑇𝐿(𝑡) (4) 

where 𝑇𝑚(𝑡) is the electromagnetic torque, and 𝑇𝐿(𝑡) is the load (torque) or external applied torque in N.m 

unit. The torque produced is direct proportional to the armature current, i.e.: 

 𝑇𝑚(𝑡) = 𝐾𝑡𝑖𝑎(𝑡) (5) 

then the rotor torque equation becomes [50]: 

 𝐽
𝑑𝜔(𝑡)

𝑑𝑡
+ 𝐵𝜔(𝑡) = 𝐾𝑡𝑖𝑎(𝑡) − 𝑇𝐿(𝑡) (6) 

 

2.3. State Space Representation of the System 

Let the state variable be: 

 𝑥 = [
𝑥1(𝑡)
𝑥2(𝑡)

] = [
𝑖𝑎(𝑡)
𝜔(𝑡)

] (7) 

 
𝑢 = [

𝑢1(𝑡)
𝑢2(𝑡)

] = [
𝑣𝑎(𝑡)
𝑇𝐿(𝑡)

] 
(8) 

then  

 𝑥1̇ = −
𝑅

𝐿
𝑥1 −

𝐾𝑒

𝐿
𝑥2 +

1

𝐿
𝑣𝑎(𝑡) (9) 

 
𝑥2̇ =

𝐾𝑡

𝐽
𝑥1 −

𝐵

𝐽
𝑥2 −

1

𝐽
𝑇𝐿(𝑡) 

(10) 

and using matrix notation, 

 𝑥̇ =

[
 
 
 −

𝑅

𝐿
−

𝐾𝑒

𝐿
𝐾𝑡

𝐽
−

𝐵

𝐽 ]
 
 
 
𝑥 + [

1

𝐿
0

] 𝑣𝑎(𝑡) + [

0

−
1

𝐽
] 𝑇𝐿(𝑡) (11) 

 
𝑦 = [

𝑖𝑎(𝑡)
𝜔(𝑡)

] 
(12) 

then by using the numerical values in Table 1 and after a proper unit conversion, the numerical matrix 

representation of the state space model is: 

 𝑥̇ = [
−1400 −68.4
1210.62 −0.338

] 𝑥 + [
2000 0

0 −35400
] 𝑢 (13) 

 𝑦 = [
0 1
1 0

] 𝑥 (14) 

where the applied voltage is in volt, the external torque is in N.m, and the motor speed is in rad/s. 

 

3. CONTROL METHODOLOGY 

In this study, a combined control structure is designed for PMDC motor speed control, consisting of a PI 

based controller and a NDOB for the purpose of minimizing the disturbance effects. 

 

3.1. Proportional Integral (PI) Speed Controller 

A classical PI controller is used to control the angular speed of a DC motor. The controller generates an 

armature voltage signal based on the speed error 𝑒(𝑡) which is defined as the difference between the desired 

𝜔𝑑(𝑡) and the actual measured angular speed 𝜔(𝑡) of the motor. The control law of the PI controller is: 
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𝑢𝑃𝐼(𝑡) = 𝐾𝑃𝑒(𝑡) + 𝐾𝐼 ∫ 𝑒(𝜏)𝑑𝜏

𝑡

0

 (15) 

For the best tuned parameters, the controller will ensure stable system operation, zero steady-state error, 

and correct dynamics of the speed response under nominal conditions as it will be shown in the test section in 

the paper. 

 

3.2. Nonlinear Disturbance Observer (NDOB) 

In practical applications of DC motors, an accurate mathematical model of the object is difficult to obtain 

due to the presence of unknown mechanical loads, parameter changes, and unmodeled dynamic effects. The 

NDOB enhances robustness by estimating the disturbance and compensating it directly in the control input. It 

is used to estimate the total disturbance acting on the system based on the difference between the actual system 

dynamics and its nominal model. The NDOB concept compares the error between the measured derivatives of 

the state signals and their values derived from the mathematical model. 

From (6), the mechanical model is written as: 

 𝜔̇(𝑡) =
𝐾𝑡

𝐽
𝑖𝑎(𝑡) −

𝐵

𝐽
𝜔(𝑡) −

1

𝐽
𝑇𝐿(𝑡) (16) 

where 𝑇𝐿  represents the external applied disturbances 

Based on this, the concept of a complex disturbance 𝑑(𝑡) is introduced, defined as the difference between 

the actual dynamics of the system and its nominal form: 

 𝑑(𝑡) = 𝜔̇(𝑡) − (
𝐾𝑡

𝐽
𝑖𝑎(𝑡) −

𝐵

𝐽
𝜔(𝑡)) (17) 

In the ideal case, with precisely known model parameters, the disturbance 𝑑(𝑡) is directly related to the torque 

load: 

 𝑑(𝑡) = −
1

𝐽
𝑇𝐿(𝑡) (18) 

However, it should be emphasized that in the general case 𝑑(𝑡) is a combined disturbance, including not 

only the load moment but also the influence of parameter uncertainty and unmodeled dynamics. 

Direct determination of the signal 𝑑(𝑡) requires differentiation of the angular velocity, which in practice 

leads to amplification of measurement noise. A first order low pass filter (LPF) is used as a common and 

practical choice in disturbance observer design due to its simplicity and sufficient attenuation of high frequency 

noise, 

 𝑑̂(𝑠) = (
𝜔𝑐

𝑠 + 𝜔𝑐

) [𝜔̇(𝑠) −
𝐾𝑡

𝐽
𝑖𝑎(𝑠) +

𝐵

𝐽
𝜔(𝑠)] (19) 

where 𝜔𝑐 is the cutoff frequency for the low pass filter.  

It is worth mentioning that although the disturbance derivation is presented in the time domain, the filter 

design is expressed in the Laplace domain to analyze frequency characteristics and bandwidth selection. 

The cutoff frequency 𝜔𝑐 is selected through simulation to balance disturbance tracking capability and 

noise attenuation. After substituting the PMDC motor parameter values, the numerical form of the observer is 

obtained as: 

 𝑑̂(𝑡) = (
𝜔𝑐

𝑠 + 𝜔𝑐

) [𝜔̇(𝑡) − 1210.62𝑖𝑎(𝑡) + 0.338𝜔(𝑡)] (20) 

Now, the estimated disturbance 𝑑̂(𝑡) has dimensions of angular acceleration (𝑟𝑎𝑑/𝑠2)  while the control 

signal generated by the PI controller is expressed in volts. Therefore, it is necessary to apply an appropriate 

scaling that transforms the estimated disturbance into an equivalent voltage. Based on the physical parameters 

of the motor, the scaling gain Γ is defined as: 

 𝛤 =
𝐽𝑅

𝐾𝑡

 (21) 

By substituting the numerical value of the motor parameters,  Γ = 5.78 × 10−4  
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The final control law therefore takes the form: 

 𝑣𝑎(𝑡) = 𝑢𝑃𝐼(𝑡) − 𝛤𝑑̂(𝑡) (22) 

This form of the control signal ensures dimensional matching and enables effective compensation of the 

effects of disturbances without excessively increasing the PI controller gains. This structure allows the PI 

controller to regulate nominal system, while the disturbance compensation term 𝛤𝑑̂(𝑡) actively cancels 

estimated disturbances. 

In this work, the load torque 𝑇𝐿(𝑡)represents a physical mechanical disturbance acting on the motor shaft. 

In contrast, the term 𝑑(𝑡) denotes an overall disturbance, defined as the mismatch between the actual system 

dynamics and the nominal model. While the load torque contributes to 𝑑(𝑡), the latter also includes the effects 

of parameter uncertainties and unmodeled dynamics. 

For digital implementation, the continuous time NDOB structure can be discretized using Tustin or zero 

order hold approximation. The first order LPF attenuates high frequency measurement noise and quantization 

effects. Furthermore, the observer bandwidth is selected to prevent amplification of sensor quantization noise 

making the proposed structure suitable for microcontroller implementation. 

 

4. CONTROLLER PARAMETERS TUNING 

The controller requires the selection of three parameters, namely: Proportional gain 𝐾𝑃, Integral gain 𝐾𝐼 , 

and the filter cutoff frequency 𝜔𝑐. 

Because there is a coupling between the parameters, and the parameter space is nonlinear and 

multidimensional, classical tuning methods can lead to suboptimal results. Therefore, the Arctic Puffin 

optimization (APO) algorithm is used in this work, since it is well suited to nonlinear and global optimization 

problems [51]. 

 

4.1. Arctic Puffin Optimization (APO) Algorithm 

APO is novel population based metaheuristic algorithm that balances exploration and exploitation during 

optimization, enabling effective search of nonlinear parameter spaces. It is inspired by the hunting and 

movement behavior of the Arctic puffin bird in the northern seas. This method finds good solutions to complex 

optimization problems [51]. APO has been successfully applied in multi-objective controller tuning and 

engineering optimization problems, showing competitive performance compared to other metaheuristic 

techniques [52][53]. APO basically operates in two modes: Flight/wide search mode (individuals roam the 

area), and Dive/capture mode (individuals search deeper and examine the best candidates) [51]. The algorithm's 

power lies in deriving collective intelligence from simple rules of movement. APO has been tested in 

engineering applications, and improved versions have been released in some studies [52]–[56]. 

In APO, the position of each individual is denoted by 𝐱𝑖 ∈ ℝ𝑛. The aim is to minimize the fitness function 

𝑓(𝑥). Simple and general update format (schematic): 

 𝒙𝒊
𝒕+𝟏 = 𝒙𝒊

𝒕 + 𝛼𝑺𝒆𝒙𝒑𝒍𝒐𝒓𝒆 + 𝛽𝑺𝒆𝒙𝒑𝒍𝒐𝒊𝒕 (23) 

𝑆𝑒𝑥𝑝𝑙𝑜𝑟𝑒  is a random term indicating the exploration direction (medium/far search), 𝑆𝑒𝑥𝑝𝑙𝑜𝑖𝑡  is a term indicating 

the direction of exploitation (approaching the best individuals), 𝛼, 𝛽 are weight/scale parameters. 

To give a more concrete example, the following terms are generally used [51]: 

 𝑺𝒆𝒙𝒑𝒍𝒐𝒓𝒆 = 𝑟1. (𝑹 − 0.5) (24) 

 𝑺𝒆𝒙𝒑𝒍𝒐𝒊𝒕 = 𝑟2. (𝒙𝒃𝒆𝒔𝒕 − 𝑥𝑖
𝑡) (25) 

where 𝑟1, 𝑟2 are random scalars, 𝑹 is 𝑅 dimensional random vector, and 𝒙𝒃𝒆𝒔𝒕 the best solution found so far.  

The algorithm for the APO algorithm is: 

1. Initialize: population {𝒙𝒊}𝑖=1
𝑁 Generate randomly. 

2. Calculate fitness for each individual: 𝑓(𝒙𝒊) 

3. Select the best individual: 𝒙𝒃𝒆𝒔𝒕 

4. For each individual: Determine the decision to explore or dive. 

5. Update the position: in the form of (1), (2) and (3). 

6. Perform boundary check and calculate new fitness.  

7. Return to 3 if not a stopping condition. 
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These steps which explain the APO pseudo code are shown as a flowchart in Figure 2. In refinement and 

hybrid methods, additional strategies are added to the steps (e.g., counter-learning, DE operators) [55],[57]. 

 

 
Figure 2. APO algorithm flow chart 

 

4.2. Optimization Function and Tuning Results 

The cost function for the optimization approach considering both time domain performance and the 

control signal effort is adopted in tuning the controller parameters. The proportional and integral gains of the 

PI controller and the filter cutoff frequency in the NDOB structure are optimized using the APO algorithm. In 

the optimization process, the population size was chosen as 20, and the maximum number of iterations as 25. 

These values were selected to ensure stable convergence while maintaining reasonable computational cost. The 

objective function was defined as follows: 

 𝐽 = 𝐼𝑇𝐴𝐸 + 𝜇. 𝐼𝑆𝐶𝐸 (26) 

where ITAE is the integral of time multiplied by absolute error and ISCE is the integral of the square of 

control efforts. The mathematical representation of these functions is [58]: 

 𝐼𝑇𝐴𝐸 = ∫ 𝑡|𝑒(𝑡)|𝑑𝑡
𝑇𝑠

0

 (27) 

 
𝐼𝑆𝐶𝐸 = ∫ (𝑢(𝑡))2𝑑𝑡

𝑇𝑠

0

 (28) 

where 𝑢(𝑡) is the control signal, 𝑇𝑠 is the simulation time, and 𝜇 = 0.001 is a weighting factor that adjusts the 

relative importance of control effort versus tracking performance. The selected weight factor was chosen to 

achieve a balanced adjustment between system response speed, stability, and actuator limits. 

The optimization was run under nominal system parameters without applying any external load 

disturbance or parameter variations. It was performed under a reference speed of 100 rad/s over a simulation 

interval of 1.5 s. 

The convergence action of the APO algorithm against iteration count is given in Figure 3. The figure 

shows a fast convergence of the cost function, denoting superior optimization behavior and a stable 
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convergance toward the final optimal parameters. The controller parameters obtained after completing the 

optimization process are as follows: 

Proportional gain 𝐾𝑃 = 0.0958, Integral gain 𝐾𝐼 = 6.2591, Filter cutoff frequency 𝜔𝐶 = 1768
𝑟𝑎𝑑

𝑠
.  

Repeated runs of the APO with different initials confirmed continuous convergence to nearly identical 

final cost values, and this is another proof of stable optimization behaviour.  

A step reference velocity of 100 rad/s is applied to the nominal system with the optimized parameters and 

the resulting step response is shown in Figure 4. It is observed that the system exhibited a very fast and smooth 

transient response behaviour. 

 

 
Figure 3.  APO algorithm cost function versus iterations 

 

 
 Figure 4.  Step response for 𝜔𝑑 = 100 𝑟𝑎𝑑/𝑠. 

 

The performance indicators obtained for this test are given in Table 2. The performance of the controller 

is evaluated using several standard indices. The Integral of Squared Error (ISE) measures the total accumulated 

squared tracking error over simulation time and is calculated using the following equation: 

 𝐼𝑆𝐸 = ∫ 𝑒2
𝑇𝑠

0

(𝑡) 𝑑𝑡 (29) 

where 𝑒(𝑡)is the speed tracking error and 𝑇𝑠 is the simulation time interval.  

The ISE is a measure of the tracking accuracy, so smaller ISE value indicates better overall tracking 

accuracy. The ITAE gives more weight to errors that continue for a longer time, which in turn helps evaluate 

settles speed of the system. Settling time and overshoot give an indication of how fast and smooth the motor 

speed settles. Overall, these measures provide a clear and complete evaluation of the speed control 

performance. 
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Table 2. Performance indices for 100 𝑟𝑎𝑑/𝑠 step input over a simulation interval of 1.5 s. 
Index Value 

Settling time (s) 0.019 
% Overshoot 0.44 % 

ITAE 0.003172 
ISE 32.16 

ISCE 18.16 

 

5. CONTROLLER ROBUSTNESS TEST 

In this section, thorough tests were carried out on the PMDC motor to examine the controller's robustness 

against different types of disturbances and parameter uncertainties. The system's responses to sudden load 

changes, periodic disturbances, and motor parameter variations are analyzed in detail. System performance 

improvement is evaluated relative to the conventional PI controller under identical test conditions, serving as 

a baseline benchmark. All the tests were run over a simulation interval of 0.5 s with a desired PMDC motor 

speed of 100 rad/sec. 

 

5.1. Performance Under Step Type Disturbance 

To evaluate the controller's disturbance suppression ability, a step load moment of 0.1 𝑁 · 𝑚 is applied to 

the system at 𝑡 = 0.2 𝑠. For comparison, the PI controller and PI + NDOB structures were evaluated together. 

Figure 5 illustrates the response under step load disturbance. The PI+NDOB controller recovers faster and 

exhibits reduced disturbance amplitude compared to PI. and the obtained performance indices are summarized 

in the Table 3. The results clearly show that the disturbing effect is significantly suppressed by adding NDOB 

to the system. The results indicate that the system responds to the disturbance faster and the error is corrected 

in a shorter time. 

 

 
 Figure 5.  System response to step disturbance 

 
Table 3. Closed loop performance indices under step disturbance. 

Index PI PI+NDOB 
ITAE 0.07488 0.008562 
ISE 34.94 31.79 

ISCE 11.71 11.83 

 

5.2. Performance Under Periodic Disturbance 

In the next stage, the behavior of the system under periodic disturbances is investigated. For this purpose, 

a sinusoidal load moment with an amplitude of 0.2 𝑁 · 𝑚 (peak to peak) at an angular frequency of 10𝜋 𝑟𝑎𝑑/𝑠 

is applied. Figure 6 presents the speed response under sinusoidal load disturbance. Compared to the 

conventional PI controller, the PI+NDOB structure significantly reduces the disturbance effect and lessen the 

tracking ripple. The performance metrics obtained from this test are presented in Table 4. It is observed that 

the PI controller cannot sufficiently suppress speed fluctuations under sinusoidal disturbance, whereas the 

NDOB play an important role in helping the PI controller dampens the disturbance effect. These results show 

that the proposed control structure is effective against constant and also against time variable disturbances. 
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Figure 6. System response to sine wave disturbance 

 
Table 4. Closed loop performance indices under sine wave disturbance 

Index PI PI+NDOB 
ITAE 0.6358 0.03259 
ISE 48.37 31.81 

ISCE 25.91 26.35 

 

5.3. Performance Under Model Parameter Variations 

Finally, the controller's robustness against uncertainties in system parameters is evaluated. Key motor 

parameters were perturbed within ±30% of their nominal values. This range was selected as a stress test to 

represent a mixed effects of modeling uncertainty, parameter mismatch, and aging effects. The motor 

parameters were shifted from their nominals as shown in Table 5. The speed responses obtained under these 

conditions are shown in Figure 7, while the performance metrics are given in Table 6. Even with modified 

motor parameters, the PI+NDOB controller maintains stable operation and achieves faster recovery compared 

to the conventional PI controller. The results demonstrate that under parameter uncertainties, the NDOB based 

PI controller improves both transient and steady state performance. The reduction in settlement time and other 

indices indicates that the proposed structure is more robust against model errors. 

 
Table 5. Parameter variation test settings 

Parameter Percentage variation 
𝑅 +10% 
𝐿 +5% 
𝐾𝑒 -5% 
𝐽 +30% 
𝐵 +20% 
𝐾𝑡 -10% 

 

 
Figure 7.  System response under model parameter variations 
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Table 6. Closed loop performance indices under parameter uncertainties 

Index Nominal system 
Perturbed System 

PI PI+NDOB 
Settling time (s) 0.019 0.057 0.036 

% Overshoot 0.44 6.93% 2.63% 
ITAE 0.003172 0.01169 0.005053 
ISE 31.76 45.59 36.97 

ISCE 6.327 6.167 6.301 

 

5.4. Sensor Noise Effect Analysis 

To study the effect of the measurement noise on the proposed controller performance, white Gaussian 

noise was added to the measured motor speed signal in the simulation environment. The noise sampling 

frequency was set to 10 kHz to represent high frequency sensor noise typically present in PWM based motor 

drive systems. This test aims to examine the impact of noisy measurements of the NDOB, which is a known 

practical concern in observer dependent control systems. 

Figure 8 shows the speed response under measurement noise effect. Although the speed signal exhibits 

small fluctuations due to injected noise, the PI+NDOB controller maintains stable tracking performance. The 

presence of the first order LPF in the observer structure effectively attenuates high frequency noise 

components. 

The performance indices under sensor noise conditions are represented in Table 7. The ITAE, and ISE, 

values for PI and PI+NDOB controllers are almost identical, indicating that the proposed nonlinear observer 

does not degrade tracking accuracy in the presence of measurement noise. A slight increase is observed in 

ISCE, which reflects a marginal higher control efforts. Overall, these results show that NDOB does not amplify 

noise into excessive control effort. 

 

 
Figure 8.  System response under measurement noise 

 
Table 7. Closed loop performance indices under measurement noise  

Index PI PI+NDOB 
ITAE 0.07351 0.07352 
ISE 32.49 32.48 

ISCE 6.327 6.35 

 

5.5. Discussion 

The simulation results show that integrating the NDOB with the classical PI controller led to an 

improvement in transient response and disturbance rejection under step disturbance, sinusoidal disturbance, 

and parameter uncertainty tests. The significant decreases in ITAE and settling time compared to PI control 

demonstrate the improvement in tracking accuracy and robustness. 

The improved performance is due to the NDOB’s ability to estimate and compensate the disturbances in 

real time. This structure maintains low computational complexity while achieving robust performance, so it 

will be suitable for embedded motor drive applications. 

It is worth to mention that the improved disturbance rejection is at a cost of a slight increase in the control 

effort index (ISCE), typically within 1–2% compared to the efforts applied by the conventional PI controller. 

This small increase is caused by the additional compensation action applied by the NDOB. However, this minor 

increase does not lead to actuator saturation, chattering, or instability. Therefore, the improvement in the ITAE 
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and transient respponse specifications is achieved with only small increase in control energy, representing a 

favorable trade off between robustness and control effort. 

 

6. CONCLUSION 

In this study, a new control method for speed control of PMDC motors has been developed. The proposed 

control structure combines the simplicity of a PI controller with a NDOB to better suppress external 

disturbances and model uncertainties. The proposed controller structure compromise between structural 

simplicity and robust disturbance rejection ability. The proposed controller and the observer parameters were 

optimally tuned offline using the APO algorithm. The cost function used through the tuning leads to an effective 

trade-off between system response speed, disturbance suppression ability, and control effort. The controller 

attained 94.9%, 88.6% reduction in ITAE under step and sinusoidal disturbances respectively. These 

achevement demonstrating significant performance enhancement over conventional PI control. Simulation 

tests demonstrated that the new approach reduces the effect of external torque disturbances and changes in 

motor parameters.  

Although the proposed structure enhances motor performance and robustness, it introduces additional 

lightweight computational demand compared to conventional PI control. However, the observer formulation 

remains suitable for real time implementation since the APO parameter tuning is performed offline. In 

conclusion, this study presents a low-complexity and a high-performance control structure, that makes it 

suitable for embedded industrial applications. Future work will focus on experimental validation of the 

proposed controller using real hardware platforms. 
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PMDC : Permanent Magnet Direct Current. 

PI : Proportional Integral 

NDOB : Nonlinear Disturbance observer 

APO : Arctic Puffin Optimization 

PID : Proportional Integral Derivative 

SMC : Sliding Mode Control 

ADRC : Active Disturbance Rejection Control 

ESO : Extended State Observer 
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ITAE : Integral Time of Absolute Error 

ISCE : Integral of Squared Control Effort 

ISE : Integral of Squared Error 
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