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Abstract— In this study, operating modes of controlled single-

phase rectifier-driven direct current (DC) drives were 

investigated. It was observed that the motor performance 

exhibited different behaviours depending on the combined 

interaction of the rectifier firing angle, motor parameters, motor 

load (or speed), supply voltage and frequency. It can be said that 

the voltage across the motor and the current through the motor 

take different waveforms in each of these different states, which 

are named drive operating modes in this study. Furthermore, 

analysis and simulations were conducted for two different types of 

drives: a) Single-phase fully controlled bridge rectifier drive 

(FCBRD) and b) Single-phase half-controlled bridge rectifier 

drive (HCBRD), including a freewheeling diode. As a result, the 

motor current waveform exhibits seven distinct operating modes, 

each performing different characteristics when driven by two 

types of rectifier circuits. On the other hand, the mathematical 

models of these seven modes were also presented in this study. The 

actual time variations of voltage across and current through the 

motor armature and the total harmonic distortion (THD) were 

presented through simulations for each mode using the obtained 

mathematical models in MATLAB. 

 
 

Index Terms— DC drives, operating modes, performance 

analysis, phase-controlled rectifiers, total harmonic distortion. 

 

I. INTRODUCTION 

C MOTORS are widely used in many applications, such 

as in rolling mills [1], [2], [3], [4], the textile industry [5], 

[6], [7] and in some household appliances [8], [9], [10], [11]. In 

addition, they can be seen in robots, oil drilling facilities, rail 

transport and many other areas, such as the automotive industry 

[12], [13], [14], [15], [16]. Although the use of DC motors has 

decreased in recent years due to the ease of speed control 

compared to AC motors, they are still intensively used in 

specific applications, as mentioned above [17], [18], [19]. 

Unbalanced operations and arcs due to commutation can 

cause severe damage to both the motor and the network when 

the DC motors are driven by the rectifiers [20], [21]. Moreover, 

motor performance can exhibit different behaviours depending 

on the combined interaction of the rectifier firing angle, motor 

parameters, motor load (or speed), supply voltage, and 

frequency. Therefore, it is necessary to accurately determine the 

current and voltage waveforms as well as total harmonic 

distribution (THD) for current or voltage that may arise when 

driving DC motors with rectifiers and to take the required 

precautions accordingly. 

Although the analysis of controlled rectifier DC drives has 

been known for a long time [22], [23], [24], motor operating 

modes, which express the current-voltage waveforms that may 

arise depending on the firing angle of the rectifiers, have not 

been thoroughly investigated. Without detailed identification 

and analysis of the operating modes, detailed performance 

analysis and understanding of the operational behaviour of 

these drives cannot be considered completely. Therefore, in this 

study, the operating modes of the controlled single-phase 

rectifier-driven DC drives were thoroughly investigated and 

analyzed in detail. Thus, it was observed that the voltage across 

the motor and the current through the motor have different 

waveforms (seven distinct modes) in these operating modes. 

While driving the same mechanical load, depending on the 

interaction between the parameters mentioned above, the drive 

may operate under different modes, i.e., in continuous current 

mode or one of the different discontinuous current modes [25], 

[26], [27]. Operation in different current modes exhibits various 

degrees of THD in motor armature current and supply current. 

High THD in the armature-current results in arc commutation 

and shortens the commutator life. Furthermore, high THD in 

the supply or armature current adversely affects the supply 

power factor and reduces the energy efficiency of the drive. 

Therefore, the main objective of this study is to identify various 

operating modes, address all the above essential issues through 

numerical simulations, and present the results in detail. Thus, 

this study can be a guide for engineers and researchers. 

II. IDENTIFICATION AND ANALYSIS OF THE OPERATING MODES  

Two types of DC drives will be introduced in this part of the 

study. The first one is single-phase fully controlled bridge 

rectifier drives (FCBRD) that exhibit four distinct operating 

modes: Mode-I, Mode-II, Mode-III, and Mode-IV. The 

complete analysis and simulation of these modes are presented 

in detail. The second one is a single-phase half-controlled 
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bridge rectifier drive (HCBRD), including a freewheeling 

diode, which exhibits three distinct operating modes: Mode-V, 

Mode-VI and Mode-VII. This study also presents a detailed 

analysis and simulation of these modes. The performance of DC 

drives cannot be accurately evaluated without a complete 

understanding of the characteristics of these modes. On the 

other hand, the motor under study is a separately excited DC 

motor with a constant-rated excitation current. The motor 

specifications used for simulation are 240 V,  200 A, 45 kW, 

and 1800 rpm. Armature winding parameters and armatüre 

winding total inductance are also used as Ra = 0.143 Ω and 

armatüre winding total inductance La = 0.02 H. The supply 

voltage is rated at 220 V and frequency 50 Hz. 

1. Modes of Operation of Single-Phase Fully Controlled 

Bridge Rectifier DC Drives (FCBRD) 

As is known, in DC motors controlled with rectifiers, the 

supply voltage is generally preferred as the reference as the 

traditional method. However, it is worth noting that in the 

analysis below, the armature current will be considered as a 

reference, that is, the starting point of the armature current 

waves in each period. Moreover, in the following analysis, 

actual instantaneous armature current waveforms will be 

considered instead of average current waveforms, which are 

mostly considered in the related literature [18], [19], [25], [26], 

[27]. All quasi-state analyses assume that the motor speed, 

excitation current, and the motor's back-EMF are constant. 

va

Vm
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Fig. 1. Graphical representation of angles for α and γ. 

Simulation of each mode is performed in MATLAB using 

derived mathematical models. Thyristor firing angle (α) will be 

the main parameter throughout the analysis. Another critical 

parameter is the angle, which corresponds to the time instant 

when supply voltage amplitude equals the motor back-EMF, 

indicated as γ, as shown in Fig. 1 

Fig. 2 shows the schematic of the single-phase, fully 

controlled DC motor drive circuit. The input voltage of this 

system is expressed as 𝑣(𝑡) = 𝑉𝑚 𝑠𝑖𝑛(𝜔𝑡). The voltage 

appearing across the armature terminals, which is the output 

voltage of the rectifier, for a half cycle is given in Eq. (1). 
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Fig. 2. Schematic of the single-phase fully controlled DC drive circuit. 

 

The equation governing the motor armature loop is obtained 

as in Eq. (2), where 𝐿𝑎𝑡 = 𝐿𝑎 + 𝐿𝑒𝑥𝑡. 
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Thus, the solution of Eq. (2) can be obtained as given in Eq. 

(3) where 𝛷 = 𝑎𝑟𝑐𝑡𝑎𝑛(𝜔𝐿𝑎𝑡/𝑅𝑎) and 𝐾 is the integration 

constant which is calculated separately for each operating 

mode. 
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Under constant excitation current and constant speed, the 

value of α in Eq. (3) determines the current waveform and the 

motor's operating mode. The possible operating modes for the 

fully controlled bridge rectifier circuit (FCBRD), shown in Fig. 

2, are given in Table 1. 

As shown in Table 1, the operating mode can be labelled as 

Mode-I if the current is continuous. If the current is 

discontinuous, the operating mode can be one of Mode-II, 

TABLE 1 
OPERATING MODES OF SINGLE-PHASE FULLY CONTROLLED DC DRIVE 

 

α > γ  or  α < γ α > γ α < γ α < γ 

Continuous current 

mode 

Discontinuous current 

mode 

Discontinuous current 

mode for Ikr > 0 

Discontinuous current 

mode for Ikr < 0 

Mode-I Mode-II Mode-III Mode-IV 
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Mode-III or Mode-IV. For discontinuous current, the mode is 

labelled as Mode-II if 𝛼 > 𝛾 , whereas it can be one of Mode-

III or Mode-IV if 𝛼 < 𝛾. Furthermore, Modes-III and Mode-IV 

are identified according to the critical current value, 𝑖𝑘𝑟 , which 

is the armature current value at the angle of (π – γ + α). 

Accordingly, if  𝑖𝑘𝑟 > 0  ( ai  (π – γ + α) = kri ), then the 

operation mode is defined as Mode-III, and if  𝑖𝑘𝑟 ≤ 0, the 

operating mode can be defined as Mode-IV. 

A. Mode-I (Continuous Current Mode) 

This operating mode is a continuous mode of the current in 

case of 𝛼 > 𝛾 or 𝛼 < 𝛾. Thus, 𝑖𝑎(0) = 𝑖𝑎(𝜋) > 0 must be 

satisfied in Eq. (3) if the current is continuous. When this 

condition is considered, the integration constant 𝐾 can be 

defined as in Eq. (4), and so the current is obtained as in Eq. (5). 

Thus, the average voltage expression can be written as in Eq. 

(6) and the average current expression is obtained as in Eq. (7). 
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(b) 

Fig. 3. Mode-I for the FCBRD circuit: a) current and voltage waveforms 

and b) harmonics in the current. 

 

The voltage and current waveforms for Mode-I are plotted 

from the above analysis as in Fig. 3.a, and the harmonic content 

of the current is shown in Fig. 3.b. Thus, THD for current can 

be obtained as 6.42%, while the voltage ripple factor is 

calculated as 80.29% for α = 30, Ea = 140 V and n = 1200 rpm. 

B. Mode-II (Discontinuous Current Mode for α > γ) 

This operating mode is a current mode in which the current is 

discontinuous during 𝛼 > 𝛾. In this mode, the boundary 

conditions, according to Eq. (3), must be as 𝑖𝑎(0) = 𝑖𝑎(𝜋) = 0. 

And so, the current expression can be obtained as in Eq. (8) by 

considering boundary conditions. The expressions for the 

average voltage and current values can also be written as in Eq. 

(9) and Eq.(7), respectively. 
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As a result, the current and voltage waveforms for Mode-II 

and current harmonics can be obtained as shown in Fig. 4. Thus, 

THD is obtained as 91.67%, and the ripple factor for armature 

voltage is 99.22% for α = 60, Ea = 140 V and n = 1200 rpm. 
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(a) 

 

 
(b) 

Fig. 4. Mode-II for the FCBRD circuit: a) current and voltage waveforms 
and b) harmonics in the current. 

 

C.  Mode-III (Discontinuous Current for α < γ) 

This operating mode is where the current is discontinuous for 

𝛼 < 𝛾. However, the operating mode could be Mode-III or 

Mode-IV in this situation. Therefore, the critical current at the 

time (𝜋 − 𝛾 + 𝛼) should be determinants of distinguishing 

these two operating modes. If the armature current is zero at the 

critical time, the current remains at zero until the period is 

completed, whereas the armature voltage remains at back-EMF 

voltage (𝑉𝑎 = 𝐸𝑎). However, during this time interval, if the 

current has not yet become zero, the voltage changes due to the 

thyristors triggered at the angle α. Therefore, Mode-III is 

considered a different mode. In other words, if the condition 

𝑖𝑘𝑟 = 𝑖𝑎(𝜋 − 𝛾 + 𝛼) > 0 is met, and the operating mode is 

labelled as Mode-III for the FCBRD circuit. 

The current in Mode-III can be defined as a piecewise 

function using equation Eq. (3). Furthermore,  for the interval 

of 𝑖𝑎 < 𝑖𝑘𝑟, the current is represented as 𝑖𝑎1 and given by Eq. 

(10), while 𝑖𝑎 ≥ 𝑖𝑘𝑟, the current is represented as 𝑖𝑎2 and given 

by Eq. (11). According to the definition of Mode-III, the 

boundary condition must be such that 𝑖𝑎1(0) = 0, 𝑖𝑎1(𝜋 − 𝛾 +
𝛼) = 𝑖𝑎2(0) = 𝑖𝑘𝑟 > 0. Thus, the average voltage and current 

expressions can be obtained in Eq. (12) and Eq. (7). 

 

 
(a) 

 
 

(b) 

Fig. 5. Mode-III for the FCBRD circuit:  a) current and voltage waveforms 

and b) harmonics in the current. 
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As a result, the current and voltage waveforms for Mode-III 

and the current harmonics are obtained, as shown in Fig. 5. 

Moreover, the THD is calculated as 95.72%, and the ripple 

factor for armature voltage is 67.16% for α = 23, Ea = 176 V 

and n = 1500 rpm. 
 

D. Mode-IV (Discontinuous Current Mode for α < γ) 

This operating mode is the mode in which the current is 

discontinuous while 𝛼 < 𝛾, such as Mode-III. However, the 

critical current is zero as opposed to Mode-III in this mode, that 

is, 𝑖𝑘𝑟 = 𝑖𝑎(𝜋 − 𝛾 + 𝛼) = 0. In this case, mathematical 

analysis is similar to that of Mode-II. However, the current 

starts from γ instead of α, unlike Mode-II. Therefore, according 

to the boundary conditions given by Eq. (3), the current 

equation is defined as in Eq. (13). Similar to the previous 

analyses, the average voltage and current expression can be 

obtained as in Eq. (14) and Eq. (7). 
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(a) 

 
(b) 

Fig. 6. Mode-IV for the FCBRD circuit: a) current and voltage waveforms 

and b) harmonics in the current. 
 

Thus, the current and voltage waveforms and current 

harmonics are obtained, as shown in Fig. 6. Furthermore, the 

THD for the armature current and the ripple factor for the 

armature voltage can be calculated as 95.85% and 67.70%, 

respectively, for α = 30, Ea = 176 V and n = 1500 rpm. 

E. Transient Analysis for the Single-Phase FCBRD Circuit 

In this part of the study, the electromechanical equivalent 

circuit of the motor shown in Fig. 7 and the driver circuit given 

in Fig. 2 are used to perform the transient analysis. Eq. (2) is 

obtained from the drive circuit provided in Fig. 2. It is also 

possible to write the expression of 𝐸𝑎 = 𝑘𝑇𝜔𝑚 assuming that 

the flux is constant (𝑘𝑇 is the torque constant). Thus, Eq. (15) 

can be written by leaving the derivative expression alone. 

According to the circuit given in Fig. 7,  Eq. (16) can be 

written and depends on the derivative of motor speed, 𝑇𝐿  load 

torque and T electric moment produced by the motor, where J 

is the moment of inertia, and B is the friction coefficient. As a 

result, by taking into account Eq. (15) and Eq. (16) and using 

the Runge Kutta method, the behaviour of the armature current 
(𝑖𝑎) and the motor speed (𝜔𝑚) can be obtained as in Fig. 8 for 

continuous current mode and as in Fig. 9 for discontinuous 

current mode. The parameters are that α = 30, B=0.02  N/(m/s) 

and J = 0.5 kg.m2 for continuous current mode, and α = 70 for 

discontinuous current mode. 
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Fig. 7. Electromechanical equivalent circuit of a DC motor. 
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(a) 

 
(b) 

Fig. 8. Armature current and the motor speed for single-phase FCBRD 

circuit: a) current waveforms and motor speed for the total simulation time 

of 500 ms, and b) waveforms for steady-state. 

 
(a) 

 
(b) 

Fig. 8. Armature current and the motor speed at different values of the firing 

angle for the single-phase FCBRD circuit: a) waveforms for a total 

simulation time of 0.7 seconds, and b) waveforms for steady-state condition. 

2. Operating Modes of Single-Phase Half-Controlled Bridge 

Rectifier Drive, Including a Freewheeling Diode 

In the circuit given in Fig. 9, the first state is when the 

freewheeling diode is off position, and the second is when the 

freewheeling diode is on. If it is assumed that the commutation 

diode is ideal, in this case, Eq. (17) and Eq. (18) can be written 

for states I and II, respectively. 
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Fig. 9. Driving the DC motor with a single-phase HCBRD circuit. 
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Thus, Eq. (17) and Eq. (18) play critical roles in determining 

the operating modes for this circuit. In addition, it can be 

understood that different operating modes can occur due to the 

current and voltage waveforms changing according to the firing 

angle value. Therefore, the circuit shown in Fig. 9 is examined 

in three Modes: Mode-V, Mode-VI and Mode-VII.  

Mode-V corresponds to the operating mode in which the 

current is continuous, while Mode-VI is the operating mode in 

which the current is discontinuous. On the other hand, Mode-

VII represents the current mode in which the current drops to 

zero before the commutation diode becomes active, and 

therefore, the commutation diode never operates in this mode. 

 

A. Mode-V (Mode of the continuous current) 

According to the equations (17) and (18) obtained from the 

circuit given in Fig. 9, it is necessary to provide the condition of 

𝑖𝑎1(𝜋 − 𝛼) = 𝑖𝑎2(0) and 𝑖𝑎1(0) = 𝑖𝑎2(𝛼) so that the current is 

continuous. In this case, the currents for state I and II an be 

given as in Eq.(19) and Eq.(20), respectively. On the other 

hand, the expressions corresponding to the average values of 

the voltage and the current can be obtained as in Eq. (21) and 

Eq. (7). As a result, the armature current and the voltage 

waveforms, as well as the FFT analysis of the armature current 

are depicted in Fig. 10.  Thus, the THD for the current is found 

as 14.49%, and the ripple factor for voltage is 61.30% for α = 

30, Ea = 140 V and n = 1500 rpm. 

 

 

 
(a) 

 

 
(b) 

Fig. 10. Mode-V for the HCBRD circuit: a) current and voltage waveforms 
and b) THD analysis for the current. 
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B. Mode-VI (Discontinuous current mode) 

In this operating mode, the current is discontinuous while the 

freewheeling diode is on. So, the conditions 𝑖𝑎1(0) = 0 and 

𝑖𝑎1(𝜋 − 𝛼) = 𝑖𝑎2 must be held. According to these boundary 

conditions, the currents for states I and II are obtained as in 

Eq.(22)  and Eq. (23), respectively. Similarly, the average 

voltage and current can be found using Eq. (24) and (7). As a 

result, the current and the voltage waveforms and the THD 

analysis for the current are provided as in Fig. 11. Thus, the 

THD in the current is calculated as 93.32%, and the ripple factor 

for voltage is calculated as 82.41% for this operating mode that 

is α = 70, Ea = 140 V and n = 1500 rpm.  
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(a) 

 
(b) 

Fig. 11. Mode-VI for the HCBRD circuit: a) current and voltage 
waveforms and b) THD analysis for the current. 

 

C. Mode-VII (Discontinuous current mode) 

The freewheeling diode is never activated in this operating 

mode because the armature current already drops to zero 

utilizing the thyristors in the current bridge circuit. Therefore, 

the condition 𝑖𝑎1(𝜃) = 𝑖𝑎1(0) = 0 can be written while the 

conduction angle is 𝜃 < (𝜋 − 𝛼).  According to these boundary 

conditions, the current is obtained as in Eq. (25) and Eq. (26). 

In this case, the average value of the voltage and the current will 

be as in Eq. (27) and Eq. (7), respectively. 
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(a) 

 
(b) 

Fig. 12. Mode-VII for the HCBRD circuit: a) current and voltage waveforms 
and b) THD analysis for the current. 

 

As in the other operating modes, the current and the voltage 

waveforms and the current harmonics are obtained by these 

equations as in Fig. 12. As a result, the total harmonic distortion 

in the current is calculated as 246.72%, and the ripple factor for 

the voltage is 28.09% for α = 125, Ea = 140 V and n = 1500 

rpm in Mode-VII. 

D. Transient analysis for the single-phase HCBRD circuit 

The electromechanical equivalent circuit shown in Fig. 7 and 

the circuit shown in Fig. 9 are used to perform transient analysis 

of the HCBRD circuit. The differential equations for armature 

current for both states and the motor speed are given in Eq. (28), 

Eq. (29) and Eq. (30), respectively. 
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(30) 

 

Simulation results for this analysis are depicted in Fig. 13 and 

Fig. 14, where the currents are continuous and discontinuous 

according to the firing angle. The parameters are that α = 30, 

B=0.02  N/(m/s) and J = 0.5 kg.m2 for continuous current mode, 

and α = 70 for discontinuous current mode. 

 

 
(a) 

 
(b) 

Fig. 13. Armature current and the motor speed for continuous current in the 
single-phase HCBRD circuit: a) waveforms for total simulation time of 400 

ms, b) waveforms for steady-state condition. 
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(a) 

 
(b) 

Fig. 14. Armature current and the motor speed for discontinuous current in 

the single-phase HCBRD circuit: a) waveforms for total simulation time of 

400 ms, b) waveforms for steady-state condition. 

III. CONCLUSION 

The operating modes that can occur as a result of driving DC 

motors with two different drive circuits were investigated in this 

study. Thus, seven operation modes were determined for two 

driver circuits consisting of single-phase fully-controlled and 

half-controlled bridge rectifier circuits. Analyzes were made by 

analytically determining the current and voltage equations, as 

well as average current and average voltage equations for each 

operating mode. In addition, Fourier analysis of the current 

waveforms obtained for each operation mode was performed to 

determine the harmonic content of the current. The ripple factor 

of armature voltage was also calculated. On the other hand, 

transient analyses of armature current and motor speed were 

performed for each driver circuit, and waveforms were 

provided for these analyses. As a result, it is shown that there is 

one continuous current mode for both circuits, as well as three 

discontinuous current modes for the FCBRD circuit and two 

discontinuous current modes for the HCBRD circuit. 

Furthermore, it is shown that in some discontinuous modes, the 

peak armature current is much higher than the average current 

value, resulting in high THD, which causes fast commutator 

deterioration. This behaviour is crucial for utilities. 
TABLE 2.  

COMPARISON OF RIPPLE FACTOR AND THD VALUES 

FOR FCBRD CIRCUIT 

Operating 

Mode 
Mode-I Mode-II Mode-III Mode-IV 

THD (%) 6.42 91.67 95.72 95.85 

RF (%) 80.29 99.22 67.16 67.70 

FOR HCBRD CIRCUIT 

Operating 

Mode 
Mode-V Mode-VI Mode-VII 

THD (%) 14.49 93.32 246.72 

RF (%) 61.30 82.41 28.09 

THD and RF of all modes are summarised in Table 2. In 

general, THD and RF do not show the same trend. From the 

supply and motor commutator life point of view, the THD is 

more critical than the RF. THD is better in continuous modes, 

i.e., Mode I and Mode V. Therefore, it is always better to 

operate the motor in continuous current mode, and it is always 

better to add more external inductance to the armatüre circuit to 

force the mode towards continuous current mode. However, 

more external inductance adds to the drive cost and more jule 

loss due to the resistance of the external inductance. Modes of 

operation depend on the load level. Lighter loads cause the 

motor to operate in one of the discontinuous current modes. 

Therefore, adding more external inductance can not always 

ensure continuous operation. Also, comparing discontinuous 

modes is not very meaningful as the load level changes and 

motor operation moves between the modes. 

The role of freewheeling diodes in power electronic circuits 

is well known. It provides a path for the current in inductive 

circuits when the thyristors conducting current from the supply 

to the load have to stop conduction. Also, it prevents load 

voltage from going negative by providing a short circuit across 

the load and increases the average voltage across the load, as 

can be seen in Modes V-VII. Moreover, sharing current with 

the elements in the rectifier bridge reduces their ratings and 

results in relatively cheaper switching bridge devices. The 

relatively faster freewheeling diode can be preferable, and the 

rating can be closer to the rating of the devices in the bridge. 
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