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░ ABSTRACT- The universal motor is a rotating electrical machine that can operate on either direct current or single-phase 

alternating current, similar to a DC motor. It has been widely used in various small and inexpensive drives for a long time, mostly 

in home appliances and hand tools. The noise generated by a universal motor is believed to be closely associated with the 

electromagnetic torque fluctuations of the machine, which are caused by variations in the current supplied to the motor. The power 

electronics utilized for controlling the motor's speed are responsible for these current changes. Accurate high-frequency motor 

models are crucial for reliable electromagnetic interference simulations in motor drive power electronic systems.  Research efforts 

have expanded to explore different realistic configurations that can be used to investigate the electromagnetic compatibility behavior 

of electrical machines. This study describes a method for predicting the differential mode impedance of universal motor. The 

behavior of each motor winding has been individually studied through impedance measurements, starting with the armature, 

followed by the series winding, and finally the inductive compensating winding. The prediction results over a wide frequency range 

up to 1 MHz are in good agreement with the measurements and enabled us to propose a model circuit for each motor winding. 
 

Keywords: Electric machinery; electromagnetic compatibility; frequency analysis; function transfer; modeling. 

 

 

 

░ 1. INTRODUCTION   
DC motors are once again attracting a lot of attention as 

extremely useful devices [1-3]. This renewed interest can be 

attributed to advancements in solid-state rectifiers, the 

development of new and exotic magnetic materials, the 

introduction of electronic control systems, the rise of electric 

vehicles, the proliferation of computers, and other innovative 

technologies. Notably, the DC series motor has evolved into the 

universal motor, capable of operating on both DC and AC 

power with minimal modifications [4-6]. 
 

A universal motor (UM) is a DC machine with series excitation, 

meaning that the rotor and field winding are connected in series 

[7, 8]. Because the machine's torque is related to the square of 

the current, it can be powered by alternating current. Its stator 

is laminated to prevent eddy currents from forming in all vast 

metallic surfaces exposed to alternating magnetic fields. The 

universal motors are employed in equipment that require a lot 

of torque, like food processors, low-power tools (up to 1200 

W), and vacuum cleaners [9, 10]. This type of motor has several 

advantages, including inexpensive cost, small size, and high 

speed. However, it still has a low yield [11-13].  
 

Electrical motors are modeled using a variety of mathematical 

equations and models. These models are used to predict the 

performance of the motor under different operating conditions. 

High frequency modeling is an indispensable tool for the study 

of electrical machines in terms of electromagnetic compatibility 

(EMC) [14].  
 

Electromagnetic interference (EMI) in electrical motors can be 

caused by a variety of sources and can cause motors to run 

slower, overheat, or even fail. The propagation of conducted 

disturbances occurs in two modes: Differential and Common 

Modes. Differential Mode (DM) propagation occurs when the 

disturbance is applied between two conductors, such as between 

the two wires of a twisted pair. Parasitic components like 

resistors, inductors, and capacitors can create disturbances that 

travel through both wires with the same amplitude but in 

opposite directions [15].  
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Several techniques have recently been used to various machine 

kinds. A three-phase high-frequency (HF) induction motor type 

with six ports coupled in a delta and star, for instance, was 

proposed by Karakali Vefa et al [16]. To simulate and anticipate 

radiation emissions, Joomin Park et al. develop a high 

frequency model for the stator winding of a BLDC motor [17]. 

In order to analyze EMI, Zhenyu Zhao et al. present a HF 

induction motor behavior model with a simplified 

parameterization procedure [18].  
 

The transfer function methodology has been widely used in this 

sense, providing reliable mathematical models. The transfer 

function is a useful representation of a linear time invariant 

dynamical system. Mathematically the transfer function is a 

function of complex variables. Thus, AC motors have already 

been studied and modeled with this method giving satisfactory 

results [19-21].  
 

While universal motors have been the subject of much research, 

we have found that little has been done to analyze these high-

frequency motors. To study EMI, it is necessary to identify their 

propagation paths, and high-frequency modeling can help to 

achieve this. In this paper, we have developed a behavioral 

model based on transfer functions capable of predicting the 

impedance of universal motor windings in DM for frequencies 

up to 1MHz. The aims of this work involve the following: 
 

➢ Develop a mathematical model to represent the DM 

impedances of the armature, series, and compensation 

windings, as well as for the universal motor with and 

without compensation; 

➢ Frequency analysis of DM current propagation paths in 

universal motors; 

➢ Examine the impact of each winding on the universal 

motor's EMC performance; 

➢ Propose a model circuit to represent the universal motor 

windings.  
 

░ 2. MATERIALS AND METHODS 
We have employed an algorithm based on the transfer function 

determination to find the impedance of the universal motor 

windings as a function of frequency. This modeling method's 

application is based on four steps that need to be properly 

followed.  
 

Step1: Using an impedance analyzer, take practical 

measurements of the motor windings impedances to be studies 

over a predetermined frequency range.  

Step2: From the measurements, identify the resonance 

frequencies (breakpoints).  

Step3: Determine the slopes.  

Step4: Determine the transfer function. 
 

2.1 Measurement Setup 
The motor being studied is a UM that can operate in both DC 

and AC voltage. It consists of three windings: the armature, the 

series winding and the compensating winding. The motor’s 

characteristics are presented in table 1. 

 

The measurements in this work were all made using the Wayne 

Kerr 6500B impedance analyzer, which provides fast and 

accurate testing of components at frequencies up to 120 MHz. 

The basic measurement accuracy is ± 0.05%, making this 

instrument one of the best in its class. 
 

░ Table 1: UM characteristics 
 

Parameters Values 

Voltage 220 V 

Mechanical Power 175 W 

Full-Load Speed 1800 RPM 

Full-Load current 1.4 A 

 

Measurements were taken by connecting the motor directly to 

the impedance analyzer. The wiring diagram is dependent on 

the windings and propagation mode (common mode or 

differential mode) being studied. Figure 1 shows the example 

of the impedance measurement of the compensating winding in 

differential mode. 
 

 
Figure 1: DM measurement setup 

 

2.2 Frequency Analysis using Transfer Functions 
The measurement results allow us to proceed to the next step 

which is the transfer function modeling. The impedance 

(magnitude and phase) of each winding has been modeled in 

DM. 
 

In transfer function modeling, the impedance of motor windings 

can be represented using a Bode plot. The Bode plot is a 

graphical representation of the frequency response of a system, 

showing the magnitude and phase of the transfer function as a 

function of frequency. 
 

To draw the impedance of motor windings using a Bode plot, it 

is necessary to typically follow these steps: 
 

• Determine the transfer function of the motor windings: 

The transfer function relates the output (impedance) to the 

input (frequency). It is usually expressed in the Laplace 

domain. The transfer function for the motor windings can 

be obtained through experimental measurements or 

derived from the motor's electrical and physical 

characteristics. 

• Convert the transfer function to a frequency response: The 

transfer function is typically in the Laplace domain, which 

represents the system's behavior across a range of 

frequencies. To obtain the frequency response, the transfer 

function needs to be evaluated at various frequencies. 
 

https://www.ijeer.forexjournal.co.in/
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By plotting the magnitude and phase responses on the Bode 

plot, you can visualize how the impedance of the motor 

windings changes with frequency, which provides valuable 

insights into the motor's behavior and its interaction with the 

electrical system. It's important to note that the specific shape 

and characteristics of the Bode plot will depend on the motor's 

design, the winding configuration, and other electrical 

parameters. 
 

Transfer functions of first-order and multi-order systems are 

employed for this purpose. For example, according to equations 

(1) and (2), the transfer function of a first-order system and a 

second-order system can be calculated as a function of 

frequency, respectively: 
 

𝑍𝐻 = 𝑘 (
𝑝

𝑤𝑛
+ 1), (1) 

, 

(2) 

 

Where k is constant term, wn is undamped natural frequency and 

ξ is damping ratio. 
 

It is even possible to obtain the transfer function under 

MATLAB in continuous time of each winding which is a 

mathematical representation of a linear time-invariant (LTI) 

system. It relates the Laplace transform of the output of the 

system to the Laplace transform of the input. The transfer 

function is denoted as H(p), where 'p' represents the complex 

variable in the Laplace domain. 
 

The general form of a transfer function in continuous time is: 
 

𝑍(𝑝) =
𝑌(𝑝)

𝑋(𝑝)
, (3) 

 

Where Z(p) is the transfer function, Y(p) is the Laplace 

transform of the output signal (response), and X(p) is the 

Laplace transform of the input signal (excitation). 
 

The transfer function can be represented in different forms 

depending on the system. We have chosen to represent the 

windings of the motor under study as a continuous-time transfer 

function. This form is the ratio of two polynomials in 'p'. In this 

way, the transfer function of the motor windings impedance can 

be written as: 
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Where bn are the coefficients of the numerator polynomial and 

an are the coefficients of the denominator polynomial. 
 

The continuous-time transfer function of an electric motor Z(p) 

is a mathematical illustration of the link between an electric 

motor's input and output variables in the frequency domain. It 

defines how the motor's speed, torque, or other performance 

traits change in response to changes in supply voltage or other 

input factors. 

░ 3. RESULTS  
 

3.1 Behavior of Motor Windings 
In the present study, the measurement and modeling of each 

winding have been conducted separately. Figures 2 illustrate 

the results of impedance modeling of the universal motor's 

armature winding in the differential mode, following the 

measurement (in magnitude and phase). 
 

The impedance evolution depicted in figure 2 indicates that the 

armature exhibits an inductive behavior up to a frequency of 10 

kHz, after which it transitions to a capacitive behavior. These 

conclusions are supported by the observations of the phase 

angle's progression. Specifically, the phase angle of the 

armature winding impedance starts with a positive value, 

decreases as the frequency increases, and eventually reaches 

zero at 10 kHz. Beyond this frequency, the phase angle becomes 

negative.  
 

The model proposed for armature winding is consistent with the 

measurements made over the entire frequency range studied 

(100 Hz- 1 MHz). 

 
 

Figure 2: Impedance magnitude and phase of armature winding 

(DM) 
 

The following formula provides the transfer function of the 

universal motor's armature winding impedance: 
 

𝑍𝐴(𝑝) =  
1.019 10−9𝑝3  +  4.484 10−5 𝑝2  +  1.951 𝑝 +  183

  3.687 10−18 𝑝4  +  2.891 10−13 𝑝3  +  1.122 10−8 𝑝2  +  0.0001207 𝑝 +  1
 

 

The results of the measurement and simulation of the 

impedance (magnitude and phase) of the universal motor series 

winding are shown in figure 3.  
 

It should be noted that the series winding behaves inductively 

up to 10 kHz. However, beyond this frequency, multiple slopes 

are observed, resulting in a behavior that is a combination of 

capacitive and inductive effects. 
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Figure 3: Impedance magnitude and phase of series winding (DM) 
 

The transfer function of the series winding impedance of the 

universal motor is given by the following formula: 
 
𝑍𝑆(𝑝)

=

4.165 10−36𝑝8  +  5.42 10−30 𝑝7  + 4.446 10−24 𝑝6  +  2.342 10−18 𝑝5  + 7.988 10−14 𝑝4 

+3.193 10−9 𝑝3 + 4.339 10−5 𝑝2 + 0.7094 𝑝 +  67

2.535 10−45𝑝9  +  4.261 10−39 𝑝8  + 4.409 10−33 𝑝7  +  2.944 10−27 𝑝6  + 3.185 10−22 𝑝5 

+2.692 10−17 𝑝4 + 9.814 10−13 𝑝3 + 1.772 10−8 𝑝2 + 0.0001902 𝑝 +  1
 

 

 

The measurement and simulation results for the impedance 

(magnitude and phase) of the universal motor compensating 

winding are shown in figure 4. The compensating winding's 

impedance is extremely comparable to that of a serial winding 

and exhibits inductive behavior up to 10 kHz. The impedance 

behavior shifts between capacitive and inductive after this 

frequency is exceeded, with numerous slopes observed up to 

1MHz. 

 
 

Figure 4: Impedance magnitude and phase of compensating winding 

(DM) 
 

The universal motor compensation winding impedance's 

transfer function can be determined using the following 

formula: 
 
𝑍𝐶(𝑝)

=

2.926 10−37𝑝9  +  4.284 10−32 𝑝8  + 5.167 10−27 𝑝7  +  2.905 10−22 𝑝6  + 1.524 10−17 𝑝5 

4.08 10−13 𝑝4 + 1.108 10−8 𝑝3 + 1.343 10−4 𝑝2 + 1.907 𝑝 +  180

8.735 10−47𝑝10  +  3.339 10−41 𝑝9  + 5.941 10−36 𝑝8  +  6.337 10−31 𝑝7  + 4.459 10−26 𝑝6 

2.175 10−21 𝑝5 + 7.479 10−17 𝑝4 + 1.663 10−12 𝑝3 + 2.331 10−8 𝑝2 + 2.133  10−4  𝑝 +  1
 

 

 

3.2 UM Behaviour with and without 

Compensating  
After analysing the frequency behaviour of each universal 

motor winding, the behaviour of the motor on the same 

frequency interval with and without compensation winding was 

studied. Figure 5 represent the measurement and simulation 

results of the universal motor impedance (magnitude and phase) 

without compensation. We can see that the motor in this case 

has an inductive behavior up to frequency 10 kHz, beyond this 

frequency the behavior of the motor varies between capacitive 

and inductive. 

 

 
 

Figure 5: Impedance magnitude and phase of universal motor 

without compensating (DM) 

 

The transfer function representing the impedance of the 

universal motor without compensation winding is given by the 

following formula: 
 
𝑍𝐴𝑆(𝑝)

=

1.558 10−38𝑝9  +  3.323 10−33 𝑝8  + 5.509 10−28 𝑝7  +  5.243 10−23 𝑝6  + 4.062 10−18 𝑝5 

2.084 10−13 𝑝4 + 8.755 10−9 𝑝3 + 2.172 10−4 𝑝2 + 4.231 𝑝 +  400

2.27 10−47𝑝10  +  6.686 10−42 𝑝9  + 1.162 10−36 𝑝8  +  1.347 10−31 𝑝7  + 1.129 10−26 𝑝6 

6.988 10−22 𝑝5 + 3.129 10−17 𝑝4 + 9.821 10−13 𝑝3 + 1.878 10−8 𝑝2 + 1.598  10−4  𝑝 +  1
 

 

 

The behavior of the universal motor with a compensating 

winding is examined to conclude the study. The impedance 

(magnitude and phase) of the universal motor, measured and 

simulated with compensation, is shown in figure 6. It can be 

observed that the motor exhibits remarkably similar behavior in 

both setups, with and without compensation. The modeling 

results for the universal motor, with and without compensation, 

https://www.ijeer.forexjournal.co.in/
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are consistently good across the entire frequency range (100 Hz 

to 1 MHz). 
 

Across the full frequency range, the modeling results of the 

universal motor with and without compensation are good (100 

Hz-1 MHz). 
 

 
 

Figure 6: Impedance magnitude and phase of universal motor with 

compensating (DM) 
 

Therefore, the following transfer function can be used to present 

the impedance of the universal motor with compensating 

winding: 
 
𝑍𝐴𝑆𝐶(𝑝)

=
2.467 10−18 𝑝5 +  2.191 10−13 𝑝4 + 1.261 10−8 𝑝3 + 3.443 10−4 𝑝2 + 6.095 𝑝 +  600

 2.315 10−27 𝑝6 + 4.203 10−22 𝑝5 +  3.539 10−17 𝑝4 + 1.491 10−12 𝑝3 + 2.818 10−8 𝑝2

+1.924 10−4 𝑝 +  1

 

 

3.3 Correlation Analysis between Measurements 

and Model Prediction 
In order to evaluate the predictive quality of the model used in 

this paper, the correlation between the impedance values 

measured and those proposed by the model used was studied. 

The cloud of points obtained is analyzed in relation to a linear 

regression line that has been drawn. It is also possible to 

calculate the correlation coefficient r, which can be used as a 

measure of a model's predictive accuracy. It shows the extent to 

which the model's predictions are in line with the actual values 

observed. The correlation coefficient 𝑟 between two variables 𝑥 

and 𝑦 is calculated using the following formula: 
 

( )

( ) ( )

  

−−

−
=

yyxx nn

yxxyn
r

2222

, 
(5) 

 

Where n is the number of data items. In our case, x and y 

represent respectively the values measured and those predicted 

by the model. 
 

The coefficient of determination R² (the square of the linear 

correlation coefficient r) is an indicator used to judge the quality 

of a simple linear regression. It measures how well the model 

fits the observed data, or how well the regression equation 

describes the distribution of points. 
 

In the example shown in the figure 7 below, we have studied 

the linear regression of the proposed model compared with the 

measurements taken for the magnitude of the impedance of the 

universal motor with compensation (case of figure 6). 

 

 
 

Figure 7: Correlation analysis between measured values and those 

predicted by the model 
 

We can observe the alignment of the point cloud with the linear 

regression line. This suggests that the proposed model and the 

measurements have a strong positive correlation.  This is 

supported by the close-to-1 values of correlation and 

determination coefficients that were attained (r = 0.999 and R2 

= 0.998). In other words, the fact that the motor impedance 

values measured with the impedance analyzer and those 

predicted with transfer function modeling have a strong positive 

correlation means that the model proposed in this work offers 

excellent predictive quality. 
 

3.4 Discussion  
The transfer function modeling of the UM gave very 

satisfactory results over a wide frequency range. The correlation 

analysis between measurements and model predictions shows 

the excellent predictive quality of the proposed model for 

frequencies up to 1MHz. 
 

3.4.1 Windings’ effect on Universal Motor’s EMC 

Performance 

If we examine the universal motor's behavior in figures 5 and 6, 

we can observe a reduction in motor impedance for frequencies 

higher than 10 kHz, increasing the DM current. This may result 

in a motor overheating, deterioration of the insulation, and a 

shorter motor life. The armature winding's capacitive behavior, 

whose impedance is inversely proportional to frequency starting 

at 10 kHz (figure 2), can be used to explain this. These findings 

should motivate researchers and industry professionals to take 

into account practical methods for increasing the EMC 

effectiveness of universal motors from the earliest stages of 

their design, especially with regard to the armature winding 

https://www.ijeer.forexjournal.co.in/
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component, opening up options for additional study into the 

creation of more durable universal motors. 
 

The series winding (figure 3) has an unstable impedance that 

can rise even at very high frequencies, in contrast to the 

armature. As a result, it is difficult to determine how this 

winding affects the EMC behavior of the motor; yet, it is evident 

that the armature winding is more electromagnetically noisy 

than the series winding. 
 

The results of the universal motor with and without 

compensation may be compared (figure 5 and figure 6), and it 

can be shown that the motor impedance is larger with the 

compensation winding, lowering the DM current. This should 

encourage the designers of this type of motor to incorporate a 

compensation winding because it is plainly beneficial for EMC. 
 

3.4.2 Circuit Model for Universal Motor Windings 

If we examine the universal motor's behavior in figures 5 and 6, 

we can observe a reduction in motor impedance for frequencies 

higher than 10 kHz, increasing the DM current. This may result 

in a motor overheating, deterioration of the insulation, and a 

shorter motor life. The armature winding's capacitive behavior, 

whose impedance is inversely proportional to frequency starting 

at 10 kHz (figure 2), can be used to explain this. These findings 

should motivate researchers and industry professionals to take 

into account practical methods for increasing the EMC 

effectiveness of universal motors from the earliest stages of 

their design, especially with regard to the armature winding 

component, opening up options for additional study into the 

creation of more durable universal motors. 
 

 

The series winding (figure 3) has an unstable impedance that 

can rise even at very high frequencies, in contrast to the 

armature. As a result, it is difficult to determine how this  

winding affects the EMC behavior of the motor; yet, it is evident 

that the armature winding is more electromagnetically noisy 

than the series winding. 
 

The results of the universal motor with and without 

compensation may be compared (figure 5 and figure 6), and it 

can be shown that the motor impedance is larger with the 

compensation winding, lowering the DM current. This should 

encourage the designers of this type of motor to incorporate a 

compensation winding because it is plainly beneficial for EMC. 
 

 
 

Figure 8: RLC multistage model circuit for universal motor windings 

in DM 
 

The selected peaking and dipping frequencies are noted 

respectively (fp1, fp2, ..., fpn) and (fd1, fd2, ..., fdn). Table 2 lists 

the different resonance frequency values that were chosen for 

every universal motor winding under study from the proposed 

high-frequency model, along with the number of stages for each 

winding's model circuit. 

░ Table 2: Peaking and dipping frequencies selected 
 

 

Universal Motor’s 

windings  

Figures Peaking and dipping frequencies (KHz) Model circuit 

stages number 
fd1 fp1 fd2 fp2 fd3 fp3 

Armature Fig.2 12.24 43.7 76.93 316.3 / / 02 

Serie Fig.3 12.24 24.82 88.61 156 238.4 738.9 03 

Compensating Fig.4 10.63 24.82 50.33 76.93 102.1 238.4 03 

Armature + Serie Fig.5 9.22 50.33 76.93 117.6 156 316.3 03 

Armature + Serie + 

Compensating 

Fig.6 8 32.93 57.98 274.6 / / 02 

 

Once the resonance frequencies selected and the number of 

RLC circuit stages for each winding has been established, the 

values for each component of the model circuit must be 

calculated. The parameterization of model circuits is outside the 

scope of this paper, but it might be a logical next step for further 

investigation. 
 

Therefore, equivalent circuits for every winding of the universal 

DM motor up to 1MHz can be developed using the proposed 

model. Due to multiple resonance frequencies and the unstable 

winding impedance behavior for frequencies above 1MHz, the 

suggested model has certain limitations at higher frequencies. 
 

░ 4. CONCLUSION 
The work presented in this paper was carried out in several 

stages:  
 

The first is the practical measurement of the impedance of each 

motor winding in the first instance, and of the motor as a whole 

in the second, using an impedance analyzer.  
 

The second part was designed to use the measurements to 

develop an HF behavioral model of the motor using the 

asymptotic Bode method under MATLAB programming 

software. We have proposed a behavioral model providing a 

better representation of the DM impedances of the universal 

https://www.ijeer.forexjournal.co.in/
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motor windings for high-frequency values up to 1MHz. The 

results obtained demonstrate the excellent predictive quality of 

the proposed model, which enables us to accurately predict the 

HF behavior of the universal motor and its windings in DM. 

Analysis of the results obtained has enabled us to study and 

understand the behavior and influence of each motor element 

on the impedance and therefore on the electromagnetic 

disturbance of the motor. Finally, a multi-stage RLC model 

circuit was proposed to represent each winding of the universal 

motor.  
 

The EMC HF investigation of universal motors has been 

neglected, and the results obtained in this paper clearly indicate 

that this type of machine can be a source of electromagnetic 

disturbance, and provide some guidelines to follow in order to 

improve the performance and efficiency of this type of machine.  

The study presented in this paper opens the way to several 

interesting perspectives in the study of EMI in electrical 

machines: 
 

➢ Using the transfer function modeling method to study the 

propagation of EMI in the common mode of the universal 

motor windings; 

➢ Parameterization of the model circuits proposed for each 

winding;  

➢ Extend the frequency study to 1 GHz; 

➢ The modeling method used for the universal motor can be 

tested for other types of single-phase or three-phase 

electrical machines 
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