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In this study, a compound DC motor under different operating conditions is modeled, 

analyzed, and controlled. Preliminary open-loop simulations at various input voltages 

revealed limitations, such as slow rise time and steady-state error. Conventional 

controllers-proportional (P), proportional-integral (PI), and proportional-integral-

derivative (PID)-were assessed to control motor speed. A sensitivity analysis, varying key 

parameters (Ra, J, Ke, and Kt) by ±20%, confirmed the system’s robustness and 

dependence on motor constants. Simulation results showed that the PI controller eliminates 

steady-state error and speeds up stabilization, the PID controller improves damping and 

reduces rise time and overshoot, and the P controller enhances transient performance while 

maintaining steady-state error. By optimizing the PID gains using a grid search approach, 

the advantages of modern control techniques are demonstrated. This method outperforms 

conventional PID by achieving faster start-up, less overshoot, and minimal steady-state 

error. The optimized PID, while maintaining the reference speed at 1500 rpm, provided 

the quickest start-up and stop times. Among all controllers tested, it delivered the best 

overall performance, highlighting the critical role of modern control strategies in 

enhancing DC motor performance and ensuring reliable operation. 
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1. INTRODUCTION

Combining both series and shunt field windings, the 

compound direct current motor (CDCM) is a multipurpose 

electrical device that strikes a compromise between steady 

speed regulation and strong starting torque [1, 2]. Due to their 

dual-excitation capability, CDCMs are now widely used in a 

variety of industrial domains, particularly in electric 

transportation systems like trolleybuses, where they may also 

function as generators to facilitate energy recovery and 

regenerative braking [3, 4]. The use of compound windings 

improves electromagnetic performance and increases 

controllability over speed and torque as compared to pure 

series or shunt motors [5]. Conventional speed control 

techniques, including shunting the excitation winding to 

diminish the field, have a number of problems, such as abrupt 

current surges, nonlinear speed response, and energy losses 

that lower dynamic stability and efficiency [6, 7]. Advanced 

power electronic converters, especially DC/DC converters, 

which enable separate control of the armature and field 

currents, are used in contemporary methods to overcome these 

difficulties [8, 9]. Without the surge effects of traditional 

systems, these technologies allow for continuous speed 

variation under various load circumstances, enhanced energy 

economy, and smoother and more accurate speed control [10]. 

Furthermore, the dynamic responsiveness, resilience to 

parameter fluctuations, and fault tolerance of CDCMs have 

been greatly enhanced by recent advancements in control 

methods, including fuzzy logic controllers, hybrid control 

techniques, and PID controllers with disturbance observers 

[11-13]. Because of this, they are ideal for demanding 

applications such as servo mechanisms and electric cars [14]. 

The development of CDCMs has also been aided by design 

advancements. While preserving the benefits of compound 

excitation, the combination of permanent magnets with 

brushless topologies improves torque density, decreases 

electromagnetic losses, and lessens mechanical wear [15]. 

Moreover, deep learning methods like convolutional neural 

networks have demonstrated potential in early defect 

identification and isolation using fault diagnostic 

methodologies that combine vibration and current signature 

analysis [16]. These developments increase motor lifespan, 

decrease downtime, and improve dependability. Overall, 

advancements in design, control, modeling, and fault 

diagnostics attest to compound DC motors' ongoing 

significance. CDCMs continue to be excellent contenders for 

next-generation electric drive systems and environmentally 

friendly mobility solutions by fusing traditional motor 

principles with cutting-edge power electronics and clever 

control techniques. 
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2. LITERATURE REVIEW (REVISED FOR 

COMPOUND DC MOTORS) 

 

A composite least squares method for real-time parameter 

detection of compound DC motors was presented by Li and 

Ma [2]. The technique enables quicker and more precise 

monitoring of motor parameters under varied speed settings by 

successfully resolving the instability problems related to the 

conventional forgetting factor least squares. In real-world 

applications, this development makes it easier to regulate and 

monitor CDCMs. Soressi [4] investigated the modernization 

of conventional compound DC motor systems, particularly in 

industrial lifting and traction applications, building on Li's 

work. The study suggests using static DC converters in place 

of antiquated supply methods to improve speed 

responsiveness and minimize energy losses. Additionally, the 

paper offers analytical methods for determining motor 

properties without physically changing the motor's 

construction. Ludwig [5] concentrated on the transient 

behavior of compound DC motors during switching and 

startup operations after advancements in system 

modernization. In order to comprehend problems such as 

torque oscillation and current surges, the interplay between 

series and shunt field components was examined. The work 

contributed to more dependable motor operation under varied 

loads by offering mathematical formulations for predicting 

dynamic performance. Singh [6] investigated the integration 

of flywheels with compound or shunt DC motors in industrial 

drive systems as an extension of the dynamic performance 

studies. Transistor-based control was used to manage peak 

load demands and minimize speed variations. The outcomes 

demonstrated preliminary techniques for improving 

mechanical stability and energy efficiency in CDCM-driven 

devices. The study by Nuca et al. [11] introduced a 

revolutionary method for series and compound DC motors that 

builds on previous control techniques by feeding the armature, 

series, and shunt windings separately, utilizing different 

DC/DC converters. Smoother and more energy-efficient speed 

variation was made possible by the method's elimination of the 

disadvantages of conventional field-weakening techniques, 

especially for traction systems, such as shock currents and 

efficiency. 

Building on their earlier work, Nuca et al. [15] proposed a 

control scheme for compound DC motors under field-

weakening conditions that utilizes power converters to manage 

the armature and shunt windings independently. Results from 

experiments and simulations showed superior performance 

over conventional approaches, emphasizing higher control 

flexibility for dynamic applications, decreased current shocks, 

and increased efficiency. 

A comparative study of several control systems for 

compound DC motors is provided, building on the conclusions 

and approaches covered in the earlier research. Key variations 

in methodology, effectiveness, and application are highlighted 

in this analysis. Based on recent important investigations, a 

comparative study has been carried out to assess and contrast 

the efficacy of different control systems used to compound DC 

motors. Power electronic converters, sliding mode controllers, 

disturbance observers, and sophisticated fault detection 

methods are only a few of the methods covered by the chosen 

references. Control technique, resilience to parameter 

fluctuations, disturbance rejection, implementation 

complexity, and application scenarios are some of the key 

characteristics that are the focus of the comparison. These 

elements are included in Table 1 to give a concise summary of 

the status of the field and to draw attention to the benefits and 

drawbacks of each strategy. The primary characteristics, 

approaches, benefits, and uses of the major research covered 

above are compiled in Table 1, which offers a clear 

comparison summary. 

The reviewed studies demonstrate that modern control 

strategies and power electronics integration in compound DC 

motors significantly improve speed regulation, energy 

efficiency, and dynamic performance across industrial and 

traction applications. 

 

Table 1. Comparative overview of key studies on compound DC motor control and applications 

 
Ref. Authors and Year Focus Area Methodology / Approach Key Advantages Application Domain 

[2] Li and Ma, 2020 
Real-time parameter 

identification 
Composite least squares algorithm 

High stability, fast and 

accurate tracking 

General CDCM control 

systems 

[4] Soressi, 2012 
System modernization 

for old CDCMs 

Static DC converter integration + 

parameter analysis 

Reduced losses, 

improved response 
Lifting, traction systems 

[5] Ludwig, 2009 
Transient behaviour 

during switching 

Analytical modelling of field 

interactions 

Prediction of 

torque/current surges 
Industrial motor control 

[6] Singh, 1973 
Load fluctuation 

management 

Integration of flywheels with 

CDCM + power transistor control 

Smoother speed, 

energy savings 

Industrial mechanical 

systems 

[11] Nuca et al., 2014 

Speed control via 

independent winding 

supply 

Separate DC/DC converters for 

each winding 

Reduced shocks, 

efficient speed 

regulation 

Electric traction 

[15] Nuca et al., 2010 
Field weakening 

control method 

Independent shunt/armature 

excitation using DC/DC 

converters 

Improved dynamic 

performance, control 

flexibility 

High-performance 

applications 

 

 

3. COMPOUND MOTOR CONFIGURATION 

 

Figure 1 shows the equivalent circuits of series, shunt, and 

compound DC motors, illustrating the different field winding 

arrangements: 

Compound motors vary according to the distribution ratio 

of current between the shunt and series field windings, 

including the following types: 

• A motor with equal shunt and series excitation, where 

each field supplies approximately 50% of the ampere-turns. 

• A special compound-wound motor where the shunt 

field supplies 75% of the ampere-turns and the series field 

supplies 25%. 

• A shunt-wound motor with a light series winding to 

ensure greater stability under weak field conditions, improving 

motor performance during operation. 

2546



 
 

Figure 1. Equivalent circuits of DC motors: Series, shunt, and compound configurations [17, 18] 

 

The shunt field operates at a constant 230 V DC voltage 

regardless of the armature voltage. Shunt motors can also 

operate at 460 V, doubling the base speed, with an upper 

voltage limit of 550 V [4]. 

In addition to the machine's overall losses, the difference 

between the motor's input and output power is lost as heat. 

When producing mechanical power, the motor generates 

greater temperatures, which cause these losses to increase with 

load. The field coil and armature windings of a series motor 

are linked in series with the power source. Numerous twists of 

heavy-gauge wire are used to wind the field coil. The armature 

current generates the magnetic field in this kind of motor. 

When the load is light, the current drawn by the armature is 

minimal, resulting in a weak magnetic field. Conversely, under 

heavy load, the armature draws a large current, producing a 

strong magnetic field. If the little voltage drop in the series 

field is ignored, the armature voltage is almost identical to the 

power supply line voltage, much like in a shunt-wound motor. 

Consequently, a series-wound motor's speed is solely 

dependent on the load current; under high loads, the speed is 

low, while at no load it becomes extremely high. If operated 

without a load, most series motors accelerate to such high 

speeds that they can destroy themselves, often causing severe 

damage to surrounding people and property. 

Any DC motor's torque is determined by multiplying the 

armature current by the magnetic field. This connection 

suggests that when the armature current is high, as it is at start-

up, the torque of a series-wound motor is very high [19]. A 

compound DC motor's torque against armature current 

characteristic is shown in Figure 2. 

 

 
 

Figure 2. Torque versus armature current characteristics of a 

compound DC motor 

 

Because of this, a series-wound motor is ideal for powering 

large, heavy-inertia loads. It is especially suggested for use as 

a driving motor in electric buses, electric trams, and heavy-

duty traction drives. The series DC motor has poor speed 

management and a large starting torque in comparison to the 

shunt motor [20]. 

The operational features of shunt and series motors are 

combined in a cumulative compound motor. The series-wound 

DC motor's propensity to overspeed under light loads tempers 

its high torque capacity. If a shunt field is added and connected 

to support the series field, this shortcoming can be fixed. 

Consequently, the motor turns into a cumulative compound 

machine. Once more, the shunt-wound motor's constant speed 

characteristic is unsatisfactory in specific situations where DC 

motors are coupled with flywheels, as it prevents the flywheel 

from properly dissipating its kinetic energy through a drop in 

motor speed. A motor with a "drooping" speed curve-that is, 

one in which the motor speed dramatically decreases as the 

load increases—is necessary for this kind of application, 

which is prevalent in punch-press operations. This application 

is a good fit for the cumulative compound wound DC motor 

[21]. 

Applications of cumulative compound motors: This motor 

is notable for its ability to drastically reduce speed under heavy 

loads, similar to a series motor, while maintaining a safe peak 

speed under light loads. As a result, it is utilized: 

(i) In situations where beginning requires a lot of torque, 

and when the load may be abruptly removed. 

(ii) In situations when there are significant changes in the 

load. 

Consequently, the ideal applications for compound 

cumulative motors are in mine hoists, lifts, rolling mills, 

shearing and punching machines, etc. [22]. 

The series field can be connected to produce a magnetic 

field that opposes the shunt field, resulting in a differential 

compound motor. This type of motor has limited practical 

application, primarily because it tends to be unstable. The 

series field is strengthened when the armature current 

increases in response to an increase in load. But because the 

shunt winding opposes the series field, the net flow is 

decreased, which raises the speed. The motor may run away as 

a result of a feedback loop created by the increasing speed, 

which can also increase the load. The motor can run safely at 

no load thanks to the shunt field winding, which effectively 

restricts the maximum no-load speed. Furthermore, a series 

coil delivers greater starting torque than a shunt motor, but a 

shunt coil offers superior speed control. To increase speed 

control, the series coil can be shorted out after the motor is 

operating [21]. 

These motors are used in applications where a 

comparatively constant speed is required under unbalanced 

loading conditions. Figures 3(a) and 3(b) illustrate the speed-

torque curve versus input current for a compound DC motor 

[21]. 
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(a)  

 

 
(b) 

 

Figure 3. (a) Motor speed vs. input current; (b) Motor torque 

vs. input current 

 

 

4. PERFORMANCE CHARACTERISTICS OF 

COMPOUND DC MOTORS 

 

Any DC motor's torque is determined by multiplying the 

armature current by the magnetic field [9]. This equation 

suggests that for high armature currents, the torque for the 

series-wound motor will be quite high, as illustrated in Figure 

4 [23]: 

 

 
 

Figure 4. T-Ia & N-T characteristics for a series-wound 

motor [20] 

 

Figure 5 presents the speed and torque characteristics under 

load for different DC motor configurations. They include 

cumulative and differential compound motors, as well as shunt 

motors, highlighting the variations in performance for each 

type under varying load conditions. 

 

 

 

 
 

Figure 5. Speed and torque versus load for cumulative and 

differential compound as well as shunt motors [20] 

 

4.1 Proposed system diagram (system implementation) 

 

A suggested method is created in this work to evaluate and 

regulate a compound DC motor's (CDCM) performance. The 

CDCM itself, a transfer function that models the motor 

dynamics, a step input that represents the reference signal, and 

the output variables-such as load torque and angular velocity 

(ω)-make up the system. The general setup of the suggested 

system is seen in Figure 6, which also demonstrates how each 

part interacts with the others and how the input signal travels 

through the system to generate the intended motor response. 

The motor performance under various load circumstances may 

be simulated and experimentally validated using this setup's 

hierarchical framework. 

 

 
 

Figure 6. Proposed system diagram for the compound DC 

motor (CDCM) study, illustrating the step input, transfer 

function, motor, and output variables including load torque 

and angular velocity (ω) 

 

4.2 Load characteristics 

 

The connection between torque, armature current, and 

speed under various load circumstances is described by the 

load characteristics of compound DC motors. The series 

component provides strong beginning torque, while the shunt 
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component stabilizes speed. Torque is determined by the 

product of armature current and magnetic flux. As the load 

increases, Figure 4 shows that speed marginally drops, but 

torque increases with armature current. This illustrates how 

cumulative compound motors with strong beginning torque 

and modest speed control may continue to operate steadily. 

Figure 5 compares the performance of series, shunt, 

cumulative, and differential compound motors under similar 

load conditions [20, 22]: 

(i) Series motors: very high starting torque with poor speed 

regulation.  

(ii) Shunt motors: nearly constant speed with moderate 

torque. 

(iii) Cumulative compound motors: balance between torque 

and speed stability. 

(iv) Differential compound motors: higher speed under light 

load but less stable under increasing load. 

These characteristics are essential for selecting the 

appropriate motor type in industrial applications with variable 

loads, such as electric traction systems or punch presses, where 

both torque and speed stability are critical for optimal 

performance [20, 22]. 

 

 

5. MODELLING OF CDCM 

 

Figure 7 shows the matching circuit of a compound DC 

motor [24]: 

 

 
 

Figure 7. The current directions for a motor or connection 

schematic: long-shunt connection [22, 25] 

 

The connection diagram in Figure 7 makes the relationships 

between voltage [25]: Since the shunt voltage is not always 

equal to the terminal voltage, Eq. (1) shows the total of the 

series voltage and the armature voltage. 

 

𝑉𝑡 = 𝑉𝑎 + 𝑉𝑠 (1) 

 

𝑖𝑎 = 𝑖𝑠 (2) 

 

𝑖𝑡 = 𝑖𝑎 + 𝑖𝑓 (3) 

 

The relationship between the armature terminal voltage Va 

and the emf Ea produced in the armature of a motor is [25]: 

 

𝑉𝑎 = 𝑖𝑎𝑅𝑎 + 𝐿𝑎

𝑑𝑖𝑎

𝑑𝑡
+ 𝑏𝑒𝑚𝑓  (4) 

 

𝑉𝑎 = 𝑖𝑎𝑅𝑎 + 𝐿𝑎
𝑑𝑖𝑎

𝑑𝑡
∓ (𝐿𝑓𝑚𝑖𝑓 ∓ 𝐿𝑠𝑚𝑖𝑠)𝜔  (5) 

 

𝑉𝑡 = 𝑖𝑓𝑅𝑓 + 𝐿𝑓

𝑑𝑖𝑓

𝑑𝑡
+ 𝐿𝑓𝑚

𝑑𝑖𝑠

𝑑𝑡
 (6) 

 

The motor's generated mechanical power is [4]: 

 

𝑃𝑎 = 𝐸𝑎𝐼𝑎 (7) 

 

However, the motor torque may be written as follows [4]: 

 

𝑇𝑎 =
𝑃𝑎

𝜔
 (8) 

 

The following is the relationship between electromagnetic 

torque and load torque (TL) [24]: 

 

𝑇𝑒 = (𝐿𝑠𝑚𝑖𝑠 ∓ 𝐿𝑓𝑚𝑖𝑓)𝑖𝑎 (9) 

 

𝑇𝑒 = 𝐽
𝑑𝜔

𝑑𝑡
+ 𝐵𝑚𝜔 + 𝑇𝐿  (10) 

 

Let 𝐿𝑠𝑚 = 𝐿𝑓𝑚 = 𝐿𝑚  to simplify the model and ignore 

the word 𝐿𝑓𝑚
𝑑𝑖𝑓

𝑑𝑡
. Taking Laplace transform: 

 

𝜔𝑚(𝑠) =
(𝐿𝑚𝐼𝑎(𝑠) ∓ 𝐿𝑚𝐼𝑓(𝑠)) 𝐼𝑎(𝑠) − 𝑇𝐿

𝐽𝑆 + 𝐵𝑚

 (11) 

 

A simulation model of a compound (cumulative) DC motor 

is developed using MATLAB R-2020a to investigate the 

motor's performance characteristics and dynamic responses. 

Figure 8 illustrates the motor's internal structure as a generic 

block diagram of its interaction between the mechanical and 

electrical subsystems. Following the derivation of the 

governing equations of the motor, a mathematical model is 

constructed, which serves as the starting point for 

implementing and simulating the motor behavior under 

varying load conditions. A model of a long shunt compound 

DC motor built with Simulink transfer function blocks is 

shown in Figure 8. 

 

 
 

Figure 8. A model of a long shunt compound DC motor using transfer function blocks in Simulink 
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6. RESULTS AND DISCUSSION 

 

Open-loop tests were conducted at different supply voltages 

ranging from 24 V to 250 V, and the corresponding dynamic 

responses were measured. In MATLAB/Simulink, the 

compound DC motor was modeled using the CDCM model. 

The combined parameter set, based on Sami et al. [26], was 

used for the simulation. The motor resistance, inductance, 

inertia, and viscous friction were taken from the excited motor 

separately; the shunt field parameters were taken from the 

shunt-connected motor, and the series field parameters were 

taken from the series-connected motor. The parameter values 

used in the cases are shown in Table 2. A sensitivity study was 

conducted by varying the critical parameters (Ra, J, Kt, Ke) by 

± 20% to investigate the effect on the motor speed, current, 

and torque responses. The summation of these parameters 

forms the complex current of the motor. The sets of parameters 

used in this work were originally set for teaching laboratory 

purposes (Sami et al. [26]). In simulations, a regulated speed 

of 1500 rpm was selected as a safe and achievable operating 

point, while open-loop scenarios were tested for supply 

voltages of 24, 50, 100, 150, 200, and 250 V. As shown in 

Tables 3-4, the simulated instances of the compound DC 

motor are given, along with the different supply voltages used 

to simulate open-loop operation. 

 

Table 2. Parameter specifications for the proposed motor [26] 

 
Parameter Symbol Value Unit 

Armature resistance Ra 0.013 Ω 

Armature inductance La 0.01 H 

Shunt field resistance Rf, sh 1.43 Ω 

Shunt field inductance Lf, sh 0.167 H 

Series field resistance Rf, se 0.7 Ω 

Series field 

inductance 
Lf = Lm, se 0.03 H 

Mutual inductance LAF = LSE 0.004 H 

Inertia J 0.21 kg·m² 

Viscous friction Bm 1.074×10⁻⁶ N·m·s/rad 

Load torque TL 2.493 N.m 

Back-EMF constant Ke It is calculated via no-load test = Lm V·s/rad 

Torque constant Kt via locked-rotor test or derived from Ke = Lm N·m/A 

 

Table 3. Compound DC motor simulation cases at various supply voltages 

 
Supply Voltage Vt (V) Rise Time (s) Settling Time (s) Speed ω (rpm) Notes 

24 9.2536 16.0629 75.3620 Stable 

50 13.9545 18.6370 266.2054 Stable 

100 15.2270 19.0105 665.7735 Stable 

 

Table 4. Compound DC motor simulation cases at various supply voltages 

 
Supply Voltage Vt (V) Rise Time (s) Settling Time (s) Speed ω (rpm) Notes 

150 15.5204 19.0880 1.0721e+03 Stable 

200 15.6597 19.1219 1.4793e+03 …… 

250 15.7303 19.1406 1.8870e+03 …… 

 

6.1 Open-loop 24 V - 100 V: For student education 

 

This range is indicative of low-voltage operation for 

pedagogical use. The open-loop motor speed response at 24 V 

is examined in this section, as seen in Figure 9. Each step 

change in voltage was recorded to evaluate the motor speed 

response, rise time, and settling time, representing the baseline 

open-loop behavior before higher voltages or controlled 

operation, as shown in Figure 10. 

 

 
 

Figure 9. Open-loop motor speed response at 24 V 

 
 

Figure 10. Open-loop motor speed response at 50 

 

Figure 11 shows the open-loop motor speed response at a 

100 V supply voltage. 

 

6.2 Open-loop 150 V to 250 V (high-speed range) 

 

Table 4 summarizes the dynamic open-loop performance of 

the compound DC motor for higher supply voltages (150-250 
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V). The results include rise time, settling time, and the 

corresponding steady-state speed, showing a consistent 

increase in motor speed as the voltage increases while keeping 

the system behavior stable. Figure 12 shows the motor speed 

response at 150 V. 

 

 
 

Figure 11. Open-loop motor speed response at 100 V 

 

 
 

Figure 12. Open-loop motor speed response at 150 V 

 

Figures 13 and 14 display the open-loop motor speed 

responses at 200 V and 250 V, demonstrating the speed 

increase as the supply voltage increases while maintaining a 

stable system behavior. 

 

 
 

Figure 13. Open-loop motor speed response at 200 V 

 

Figure 15 graphs the motor speed response of the first three 

supply voltages (24 V, 50 V, and 100 V), all in a single plot. 

The curves illustrate how the motor begins from rest under 

increasing voltage levels. Significant points, including rise 

time, settling time, and peak speed, are indicated using 

pointers and actual speed values. This graph allows the 

transient behavior of the motor at lower voltages to be easily 

compared, with emphasis on the first 20 seconds of operation. 

Figure 16 motor speed response for higher supply voltages 

(150 V, 200 V, 250 V).  The graphs show faster acceleration 

and greater peak speeds. Rise Time, Settling Time, and Peak 

Speed are marked with corresponding values, allowing for 

easy comparison of motor operation at higher voltages for the 

initial 20 seconds. 

 

 
 

Figure 14. Open-loop motor speed response at 250 V 

 

 
 

Figure 15. Open-loop motor speed response 24-100 V 

 

 
 

Figure 16. Open-loop motor speed response 150-250 V 

 

Figure 17 indicates the response of motor speed for all six 

supply voltages (24 V, 50 V, 100 V, 150 V, 200 V, and 250 V) 

on a single graph. The gradual rise in acceleration and 

maximum speed with rising supply voltage is indicated by the 

lines. The subsequent important points, including rise time, 

settling time, and peak speed, are denoted with respective 
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values, making a comparison of the transient response over the 

entire voltage range during the first 20 seconds of operation 

possible. 

 

 
 

Figure 17. Open-loop motor speed response 150-250 V 

 

A sensitivity analysis was performed by varying the key 

motor parameters-armature resistance (𝑅𝑎), rotor inertia (J), 

torque constant (𝐾𝑡), and back-EMF constant (𝐾𝑒)-by ±20% 

to investigate their impact on motor speed, current, and torque 

responses. This analysis helps to investigate how these 

deviations impact the overall dynamic performance because 

the compounded effect influences the motor's convoluted 

current and performance. Sensitivity analysis ranges: 

Ra: 0.01040 – 0.01560 Ohm 

J: 0.168 – 0.252 kg·m2 

Ke: 0.080 – 0.120 V·s/rad 

Kt: 0.080 – 0.120 N·m/A 

It's worth noting that DC motors come in three basic 

configurations: parallel, series, and compound. When it comes 

to the relationship between speed, torque, motor current, and 

speed, these types behave differently. Figures 18-20 compare 

the features and illustrate the unique behavior of each 

configuration for clarity. This comparison focuses on the 

compound DC motor, which combines the advantages of 

parallel and series motors and forms the basis for potential 

control strategies. 

 

 
 

Figure 18. Speed-current characteristics of DC motors 

(shunt, series, and compound) using illustrative data 

 

6.3 Closed loop 

 

To overcome the limitations of the open-loop response and 

improve motor speed control, closed-loop control is 

employed. Figure 21 displays a typical block diagram of the 

speed control system, with the motor connected to feedback 

controllers. To assess their effectiveness in sustaining the 

intended speed, three controllers are used: proportional (P), 

proportional-integral (PI), and proportional-integral-

derivative (PID). Based on the dynamic performance of these 

controllers in terms of speed response, rising time, settling 

time, and steady-state behavior, the following conclusions can 

be drawn. 

 

 
 

Figure 19. Torque-current characteristics of DC motors 

(shunt, series, and compound) using illustrative data 

 

 
 

Figure 20. Torque-speed characteristics of DC motors 

(shunt, series, and compound) using illustrative data 

 

PID controllers used in this study have the following 

mathematical form [27]: 

 

𝑢(𝑡) = 𝐾𝑝. 𝑒(𝑡) + 𝐾𝑖 ∫ 𝑒(𝑡)𝑑𝑡
𝑡

0

+ 𝐾𝑑

𝑑𝑒(𝑡)

𝑑𝑡
 (12) 

 

where, 𝐾𝑝 , 𝐾𝑖  𝑎𝑛𝑑 𝐾𝑑  the corresponding proportional, 

integral, and derivative benefits. 

u(t) is the control signal. Since it is used to calculate the 

degree of discrepancy between the intended data input and the 

actual output value, the input signal of a PID controller (e(t)) 

is sometimes referred to as the error signal [27]. 
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Figure 21. Block diagram for the CDC motor’s overall modeling 

 

The motor speed setpoint is the input (setpoint) in a closed-

loop speed control system, and the actual motor speed is fed 

back to the controller. The controller determines the error as 

the difference between the setpoint and the feedback signal. 

The controller then processes the error using a PID, PI, or PID 

controller to generate the corresponding motor voltage, which 

is applied to the motor terminals. By error-based compensation 

of the input voltage, the system regulates the motor speed so 

that the actual speed approaches the desired setpoint with zero 

steady-state error and good stability. The control process 

responses suggested by this model are depicted in the figures. 

These reactions for various setpoints and control situations 

are shown in Figures 22 to 25. 

 

 
 

Figure 22. Response of the compound DC motor under the 

P-controller at 250 V 

 

Compared to the PI and PID controllers, the proportional 

controller has less accuracy but lowers steady-state error. 

 

 
 

Figure 23. Speed response of the compound DC motor under 

PI-controller at 250 V 

Accuracy is increased and steady-state error is eliminated 

by the PI action, albeit a longer settling time may be 

introduced. 

With less overshoot, the PID offers an excellent 

compromise between stability and rise time. 

By adjusting the PID gains using the grid-search 

optimization, a fourth scenario was illustrated in addition to 

the standard P, PI, and PID controllers. While maintaining the 

steady-state speed at the reference value of 1500 rpm, the PID 

controller adjusted (the black plot in Figure 26) and worked 

better, as seen by quicker rising and settling times. Therefore, 

out of all the tested controllers, the tweaked PID is the best. 

 

 
 

Figure 24. Speed response of the compound DC motor under 

a conventional PID controller at 250 V 

 

 
 

Figure 25. Speed response of the compound DC motor at 

250 V under conventional controllers (P, PI, and PID) 
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Figure 26. Speed response of the compound DC motor under 

a tuned PID controller at 250 V 

 

Tables 5 and 6 summarize the performance measures of the 

four controllers: rise time, settling time, peak value, and 

steady-state error. These measures will enable a clear 

quantitative comparison of their dynamic responses. 

The performance of the optimized PID controller far 

exceeds that of the original PID controller. Rise and settling 

times are lower while the overshoot is eliminated and the 

steady-state error is reduced from about 45 rpm to about 10 

rpm. These results illustrate the strength of the grid-search 

tuning method and verify that the optimized PID indeed 

provides a much more accurate and stable speed response for 

the compound DC motor. 

Grid search is a numerical deterministic method widely 

applied for controller parameter tuning. The method is based 

on dividing the search space of each parameter into a uniform 

grid and going through all parameter combinations in their 

given ranges exhaustively. The performance of the controller 

in each trial is measured in terms of a cost function or a 

predetermined performance index, for example, the Integral of 

Squared Error (ISE), settling time, or maximum overshoot. 

The optimal set of parameters is selected according to the 

outcome of the evaluation. 

This method is characterized by its simplicity, transparency, 

and generality to different control systems. However, it has 

higher computational complexity that grows exponentially 

with the growth of parameters or search interval sizes, a 

drawback commonly referred to as the combinatorial 

explosion. Therefore, in practice, Grid Search is typically 

employed along with more effective algorithms-e.g., Random 

Search or Evolutionary Algorithms-to strike a balance 

between computational effectiveness and search accuracy. 

 

Table 5. The performance values of the four methods 

 
Algorithm Rise Time (s) Stelling Time (s) Peak Val (Rpm) Steady State Error 

P 1.9519 3.4752 1500 1433.7 

PI 1.0282 1.6382 1500 1465.5 

PID-Original 1.5661 2.3988 1500 1454.9 

PID-Grid-Search Optimization 0.69837 1.1565 1500 1489.9 

 

Table 6. The performance values of the four methods 

 
Metric Original PID Optimized PID Improvement 

Rise Time (s) 1.5661 0.6984 Faster rise time (≈ 55% improvement) 

Settling Time (s) 2.3988 1.1565 Shorter settling time (≈ 52% improvement) 

Steady-State Speed (rpm) 1454.9 1489.9 Closer to reference (reduced SSE) 

Overshoot (%) Present (≈ 3%) 0% Eliminated overshoot completely 

Steady-State Error (rpm) ≈ 45.1 ≈ 10.1 SSE reduced by ~78% 

 

 

7. CONCLUSIONS 

 

In this project, open-loop and closed-loop speed control of 

a compound DC motor using P, PI, and PID controllers was 

addressed. The open-loop studies have assured that the motor 

speed is directly proportional to the supply voltage. Safe 

educational ranges were provided within low voltages (24-100 

V), while industrial performance was possible up to 250 V. 

However, open-loop control has resulted in steady-state error 

and poor accuracy, which motivates the use of feedback 

control. 

Among the controllers, the proportional (P) controller 

improved the response but was not able to eliminate the 

steady-state error. The PI controller successfully removed the 

steady-state error but exhibited a longer settling time. The 

conventional PID controller provided a more balanced 

performance in terms of rise time, overshoot, and steady-state 

characteristics. The tuned PID controller, represented by the 

black curve, displayed the best all-around behavior, reaching 

the set reference speed of 1500 rpm with minimal error, a fast 

rise time, and a short settling time. 

The results obtained from simulations allow recommending 

the tuned PID controller both for educational laboratory 

environments and industrial applications involving compound 

DC motors, since it is characterized by better stability, 

accuracy, and dynamic response. 

Furthermore, the present work can be improved by 

implementing the proposed control strategies on a real 

hardware setup to validate the results from simulations. 

Advanced intelligent control techniques and other 

optimization methods could further enhance robustness and 

adaptability for a wider range of motor types. 
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NOMENCLATURE 

 

Bm Damping coefficient, Ns/rad./sec 

E Electromagnetic force, V 

i Current, A 

j Inertia, Kg.m2 

K Constant 

L Inductance, H 

R Resistance, Ω 

T Torque, N.m 

V Voltage, V 
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Kt=kv=Lm Torque &back emf constant 

 

Greek symbols 

 

Ꞷ Speed, rad./sec 

 

Subscripts 

 

a Armature 

b Back 

D Derivative 

e Electromagnetic 
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