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ABSTRACT
DCmotor control with switchingmethods is an interesting devisewithmanypractical applications. A DC-DC buck-boost converter is one of the meth-ods used to operate the DC motor. Although the-DC buck-boost converterfor dc motor applications has been widely studied, they have some handi-caps. In this study, the multi-level inverter structure that is different fromthe methods of DC motor driving is used to drive the DC motor. There willbe no passive elements in the proposed circuit although the dc-dc convert-ers have passive elements. So, while the inadequacies for the loads need-ing high current will be eliminated, the handicaps of the switching can beavoided. Current, torque, and voltage on the load will also be created byPulse Width Amplitude Method (PWAM). As a different from other Pulsewidth modulation methods (PWM); the torque, current, and voltage of themotor can be controlled with PWAM in the horizontal and vertical axes. Inthe design stage; inverter switch structure and operation are given afterthe method of produced PWMs introduced. The equations of the voltagesthat will occur in the loads are created according to the working structureof the switches. DC motor structure is also given. In the simulation stage;Continuous and discontinuousmodes of the proposed circuit are performed.Then torque of dc motor, armature current and speed are tested accordingto switching at different frequencies and different modulation indices.
keywords: PWAM, continuous mode, discontinuous mode.

Resumen
El control de motores de DC con métodos de conmutación es un dispositivo interesante con muchas aplica-ciones prácticas. Un convertidor reductor-elevador DC-DC es uno de los métodos utilizados para operar elmotor DC. Aunque el convertidor reductor-elevador de CC para aplicaciones de motores de CC se ha estu-diado ampliamente, tiene algunas desventajas. En este estudio, la estructura del inversor multinivel que es
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2 Erol Can
diferente de los métodos de conducción del motor de CC se utiliza para impulsar el motor de DC. No habráelementos pasivos en el circuito propuesto aunque los convertidores dc-dc tienen elementos pasivos. Por lotanto, mientras se eliminarán las deficiencias para las cargas que necesitan alta corriente, se pueden evitarlas desventajas de la conmutación. La corriente, el par y el voltaje en la carga también serán creados por elMétodo de Amplitud de Ancho de Pulso (PWAM). A diferencia de otros métodos de modulación de ancho depulso (PWM); el par, la corriente y el voltaje del motor se pueden controlar con PWAM en los ejes horizontal yvertical. En la etapa de diseño; La estructura y operación del interruptor inversor se dan después del métodode PWMproducido introducido. Las ecuaciones de los voltajes que ocurrirán en las cargas se crean de acuerdocon la estructura de trabajo de los interruptores. También se da la estructura del motor de DC. En la etapa desimulación; Se realizan modos continuos y discontinuos del circuito propuesto. Luego, el par del motor de DC,la corriente de armadura y la velocidad se prueban de acuerdo con la conmutación a diferentes frecuencias ydiferentes índices de modulación.
keywords: PWAM, métodos continuos, métodos discontinuos.

1 | INTRODUCTION
DCmotors are one of themachineswhereDCenergy is applied and generatemechanical power. Torque/speedcompatibility with many mechanical loads is a basic feature of the DC motor [1]. At the same time, methodsof controlling the main parameters of the DC motor such as speed, torque are simpler and cheaper thancontrolling themain parameters of othermotors [2, 3, 4]. ADC-DCbuck-boost converter is one of themethodsused to operate the dc motor [5]. These dc-dc converters are controlled by pulse width modulation [6, 7, 8, 9].PID, fuzzy logic and open-loop are used as control methods of these dc-dc converters [10, 11, 12]. Thesedc-dc converters have many passive elements such as capacitors, coils, and diodes [9, 13, 14]. The switchingtimes and passive elements of the circuit can be inadequate in energy management for low impedance loads.However, in some applications requiring high current, some handicaps arisewhile applyingwelding power fromzero to maximum for load. DC source control has performed with the PulseWidth Modulation method for thedc motor in [15]. However, in this method, the current, torque, and voltage PWMs on the load decrease tozero at the end of the working time, and the discontinuous mode operates because there is no dc-dc converterin the system. With the proposed method, the current, torque, and voltage on the load never drop to zeroin continuous mode, although there are no dc converters in the system. Different from some studies in [16,17, 18, 19]; the current, torque, and voltage on the load can also be controlled with amplitudes in the timeaxis. So, the multi-level inverter structure used to drive alternating loads in some studies in [20, 21, 22] isused for the first time to drive dc motor in this study. At the same time, when this inverter structure is used,the proposed circuit will not have passive elements used by converters, insufficiencies such as insulation, highheating, and coil effect in driving loads that require high current will be eliminated. Then, the strain on theswitch will be prevented. Current, torque, and voltage on the load will be created by Pulse Width AmplitudeMethod (PWAM). In this method, because PWM provides the width of the pulse on the load, it is creating avoltage on the load at the switching source levels. In case a higher level of voltage is applied to the load, themulti-level inverter structure ensures that the voltage amplitude is increased on the load. Different PWMs areproduced within the time periods other than the main PWMs’ operating times. The duration of these PWMs isless than themain PWMs, and constant operation of the fixed source is ensuredwith these PWMs. Thus, whilethe DC motor’s continuous mode operation is also ensured, the current torque and voltage on the load neverdrop to zero. In Section 2; after the method of produced PWMs, inverter switch structure and operation aregiven, the equations of the voltages that will occur in the loads are created according to the working structureof the switches. DC motor structure is also given. In Section 3; Continuous mode and discontinuous modeof the proposed circuit are performed. In the simulations; Torque of DC motor armature current and speedare tested according to different frequencies switching and different modulation indexes. When the obtainedresults are observed, dc motor torque, current, and speed are controlled in the desired way by using the newmethod in continuous and discontinuous mode.
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3 Operation of DC Motor with Multi-Level Inverter in PWAMMethod
2 | DESIGN OF THE PROPOSED METHOD
Fig. 1 Demonstrates circuit structure at discontinuous voltage mode for periods. The circuit structure includes3 sources and 8 IGBT switches for discontinuous mode. Fig. 2-(a) also shows the operating mode when theinverter generates an alternating voltage Table 1 shows the working order of the elements.

TABLE 1 Working order of the elements.
ANGLE 00 − 600 600 − 1200 1200 − 1800 1800 − 2400 2400 − 3000 2700 − 3600

IGBT0 1 0 1 0 0 0
IGBT1 0 1 0 0 0 0
IGBT2 1 0 1 0 0 0
IGBT3 0 0 0 1 0 1
IGBT4 0 0 0 0 1 0
IGBT5 0 0 0 1 0 1
IGBT7 1 1 1 1 1 1
DCV0 1 1 1 1 1 1
DCV1 1 0 1 1 0 1
DCV2 0 1 0 0 1 0
DC MOTOR 1 1 1 1 1 1

F IG . 1 Circuit structure for discontinuous voltage mode for periods.
In Fig. 2-(b) the inverter shows the operating mode while generating Direct Voltage. While the V sourceis considered for the first level voltage in Fig. 2-(a), the source used for the second level can be considered as2V.D is working ratio of pulse width modulation; (1−D) for PWM is nonworking times. T is the time period.
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4 Erol Can
The general structure of the voltage that will occur for loads is found in equations as follows

VL =
4V

3
DT voltage structure. (1)

With this voltage structure, the load will work in discontinuous voltage mode. The voltage will decrease tozero for each pulse. An extra switch is added to the third source to operate in continuous voltage mode forperiods when PWMs for discontinuous voltagemode do not control the load, and the circuit can be rearrangedas in Fig. 4. We show in Fig. 3 the load voltage generated by the PWMs for the continuous operation mode.

(a) (b)
F IG . 2 a) For PWM, the inverter generating an alternating voltage b) for PWM, the inverter operating DCmotor at discontinues.

F IG . 3 The load voltage generated by the PWMs for the continuous operation mode.
The circuit arranged in Fig. 4 is operated with the PWMs in Fig. 3. In this embodiment, the discontinuousmode PWMs operate all switches while the continuous mode PWMs only operate the VDC0 source. In thiscase, the voltage on the load is prevented from being zero. Load voltage equations are rearranged as belowequations when V for VDC0 is considered

VL =
7VD + V

6
. (2)
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5 Operation of DC Motor with Multi-Level Inverter in PWAMMethod
This is the first time that a multi-level inverter will control the DC motor. The model of DC motor inMatlab Simulink is as given in Fig. 5. The mathematical model of the applied DCmotor belongs to the externalexcited DC machine application. The model has some parameters. The resistance of armature is Ra in ohms;Armature of inductance is La in Henry. Field of resistance Rf in ohms. Field inductance is Lf in Henry. The

F IG . 4 Circuit structure for continuous voltage mode for periods.

F IG . 5 The model of DC motor in Matlab Simulink.
mutual inductance of field armature Laf in Henry. The total inertia for the DC machine is j in kg*m². The totalfriction coefficient of the DC machine is Bm in Nm. The total Coulomb for friction torque constant of the DCmachine is Tf in Nm. KE is voltage constant in volt; w is speed for the machine in rad / s and rpm. Armaturecurrent is Ia in ampere; Te is electrical torque as in Nm; The current for the field is if at ampere. It was obtainedby a serial connection of the field terminal + F, -F between Rf and Lf. The armature circuit has been obtainedbetween + A and –A by the series connection of Ra and La, and the electromotor force E, which is modeled
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6 Erol Can
in series with this circuit, is expressed as in Eq. (3) given by

E =KEw. (3)
Considering the PWM’s working times and the principle of operation of the proposed drive system accord-ing to discontinuius mode Eq. (3) can be arranged as in Eq. (4) again

E =
KEw

3
D. (4)

Considering the PWM’s working times and the principle of operation of the proposed drive system accord-ing to discontinuous mode Eq. (3) can be arranged as in Eq. (5) as follows

E =
KEw

3
(7D + 1) (5)

whereKE is proportional to the field current if in an externally excited DCmachine model. The parameter
KE can be described as in the following equation

KE = Laf ij . (6)

F IG . 6 The Matlab Simulink circuit model of the DC motor in discontinuous mode.
For machine speed w, the following equations are used

j

Bm

dw

dt
−w = Te − TL − Tf (7)
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7 Operation of DC Motor with Multi-Level Inverter in PWAMMethod
and

ẇ =
Te − TL − Tf

js −Bm
. (8)

3 | APPLICATION OF THE PROPOSED METHOD
At this stage, the operation of the proposed method in discontinuous and discontinuous mode will be testedon the DC motor. Fig. 6 shows the Matlab Simulink circuit model of the DC motor that will operate in discon-tinuous mode.

(a) (b)
F IG . 7 a) DC motor current for 0.0 33 s of switching time, b) DC motor current for 0.0 15 s of switchingtime.

When the circuit in Fig. 6 is operated at different switching times, the currents formed on the DC motorare as shown in in Figs. 7 and 8.

F IG . 8 DC motor current for 0.007s of switching time.
As the switching times increase, the number of PWMs dividing the current increases. DCmotor current can
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8 Erol Can
be controlled both with PWM amplitudes and widths. The current value of the DC motor reaches a maximumvalue that is 475 A for 0.033 switching time. The current value reaches a maximum value that is 450 A. for0.015 switching time. The current value of the DC motor reaches a maximum value that is 475 A for 0.007switching time. After the circuit in Fig. 6 is operated at three different switching times, the speed on the DCmotor are as shown in Fig. 9 and Fig. 10.

(a) (b)
F IG . 9 a) DC motor current for 0.033s of switching time, b) DC motor current for 0.015s of switching time.

DC motor speed is 165 rad/s in 3 different switching times. It is observed that the oscillations in acceler-ation decrease as the switching times increase. When the circuit in Fig. 6 is operated at different switchingtimes, the torques formed on the DC motor are as shown in Figs. 11 and 13.

F IG . 10 DC motor current for 0.007s of switching time.
As the switching times increase, the number of PWMs dividing the torque increases. DC motor torque canbe controlled both with PWM amplitudes and widths. The torque value of the DC motor reaches a maximumvalue that is 850Nm for 0.033 switching time. The torque value reaches a maximum value that is 800 Nm for0.015 switching time. The torque value of the DC motor reaches a maximum value that is 750 Nm for 0.007switching time. After Dc motor is tested at discontinues mode, it performs at continues mode. Fig. 12 shows
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9 Operation of DC Motor with Multi-Level Inverter in PWAMMethod
the Matlab Simulink circuit model of the DC motor that will operate in continuous mode.

(a) (b)
F IG . 11 a) DC motor torque for 0.015s of switching time, b) DC motor torque for 0.033s of switching time.

F IG . 12 the circuit model of Matlab Simulink for the DC motor operating in continuous mode.

F IG . 13 DC motor current for 0.007s of switching time.

TECCIENCIA ● VOL.16 ● NO.30 ISSN:1909-3667(print) | 2422-3670 (electronic) Universidad ECCI



10 Erol Can
Unlike the discontinuous mode state, when the VDC 0 source is operated also with PWMs of continuousmode, the torque and current values never decrease to zero. When the circuit switches in Fig. 12 are operatedwith the switching time at 0.007s, the resulting motor currents are in Fig. 14-(a), the engine speeds that occuras in Fig. 1-(b). The engine torques that occur as in Fig. 15.

(a)

(b)
F IG . 14 a) Motor currents for continues mode b) motor speeds for continues mode.

Fig. 14 show dc motor currents and speeds in 3 different modulation indexes. In the 0.9 modulation index,the motor current reaches a maximum value of 450 A at 0.07 s, while the motor speed reaches 165 rad / sin 1 s. In the 0.7 modulation index, the motor current reaches a maximum value of 375 A at 0.06 s, while themotor speed reaches 142 rad / s in 1 s. In the 0.5 modulation index, the motor current reaches a maximumvalue of 330 A at 0.05 s, while the motor speed reaches 127 rad/s in 1s.

F IG . 15 Motor torques for continues mode.
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11 Operation of DC Motor with Multi-Level Inverter in PWAMMethod
Motor torques in three different modulation indexes are given in Fig. 15. In the 0.9 modulation index, theengine torque reaches 750Nm at 0.07s, while the maximum engine speed reaches 165 rad / s. In the 0.7modulation index, the engine torque reaches 675Nm at 0.06s, while the maximum engine speed reaches 142rad / s. In the 0.5 modulation index, maximum value of the engine torque reaches 600Nm at 0.05s, while themaximum engine speed reaches 127 rad / s. The current values of the DC motor for five different modulationindexes are given in Fig. 16.

F IG . 16 The armature current values for fivedifferent modulation indices. F IG . 17 The armature torque values for five differentmodulation indices.
The maximum values of torque increase linearly with the increase of modulation index. While it is 640 Nmin the 0.6 modulation index, it is 710 Nm in the 0.8 modulation index. The speed values of the DC motor forfive different modulation indexes are given in Fig. 18.
The maximum values of armature current increase linearly with the increase of modulation index. Whileit is 350 A in the 0.6 modulation index, it is 410 A in the 0.8 modulation index. The torque values of the DCmotor for five different modulation indexes are given in Fig. 17.

F IG . 18 The speed values of DC motor for five different modulation indices.
Themaximum values of torque increase linearly with the increase ofmodulation index. While it is 134 rad/sin the 0.6 modulation index, it is 154 rad/s in the 0.8 modulation index. DC-DC converters are controlled byincreasing and decreasing the DC voltage on load. However, it is difficult to control the full power of thesource from 0 to the maximum by means of switches on the load. In this study, the DC source voltage value is
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12 Erol Can
controlled in width and amplitude, and the entire power of the source can be controlled from 0 to maximumload via switches. According to the results obtained; the speed, current, and torque of the dc motor can bechanged effectively by changing the working times of the PWMs.
4 | CONCLUSIONS
When this inverter structure was used, there would be no passive elements in proposed circuit although therewere in the dc-dc converters and while the inadequacies for the loads requiring high current would be elimi-nated and the handicaps of the switch will be avoided. Current, torque, and voltage on the load will be createdby Pulse Width Amplitude Method (PWAM). Design stage; after the Method of produced PWMs, inverterswitch structure and operation are given, the equations of the voltages that will occur in the loads are createdaccording to the working structure of the switches. DC motor structure is also given. In the simulation stage;Continuous mode and discontinuous mode of the proposed circuit is performed. Then torque of dc motorArmature current and speed are tested according to different frequencies switching and different modulationindexes. The torque value of the DCmotor at discontinuous mode reached a maximum value that was 850Nmfor 0.033 switching time. The torque value reached a maximum value that was 800 Nm for 0.015 switchingtime. The torque value of the DC motor reached a maximum value that was 750 Nm for 0.007 switchingtime. DC motor speed in discontinuous mode was 165 rad / s in 3 different switching times. It was observedthat the oscillations in acceleration decreased as the switching times increase. In the 0.9 modulation index,the motor current at continuous mode reached a maximum value of 450 A at 0.07 s, while the motor speedreached 165 rad / s in 1 s. In the 0.7 modulation index, the motor current reached a maximum value of 375A at 0.06 s, while the motor speed reached 142 rad / s in 1 s. In the 0.5 modulation index, the motor currentreached a maximum value of 330 A at 0.05 s, while the motor speed reached 127 rad / s in 1 s. In the 0.9modulation index, the engine torque at continuous mode reached 750Nm at 0.07s, while the maximum enginespeed reaches 165 rad / s. In the 0.7 modulation index, the engine torque reached 675Nm at 0.06s, while themaximum engine speed reached 142 rad / s. In the 0.5 modulation index, the maximum value of the enginetorque reached 600Nm at 0.05s, while the maximum engine speed reached 127 rad / s. When the obtainedresults were observed, dc motor torque, current, and speed were controlled in the desired way by using thenew method in continuous and discontinuous mode.
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