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This paper focus on the simulation and hardware analysis of a diode clamped
multilevel inverter (DCMLI) fed direct torque control (DTC) permanent
magnet synchronous motor (PMSM) drive in electric vehicle (EV)
application. DTC-PMSM drive is more used for torque and speed control. The
existing DTC PMSM drive consists of torque and flux hysteresis comparators
and suffers from variable switching frequency and torque ripples. These
problems can be solved by using carrier-based space vector modulation
(CBSVM) about torque and flux. In this proposed approach a DCMLI fed 4
poles, 0.5 HP DTC PMSM drive system is designed and simulated using
carrier-based CBSVM. Simulation and experimental implementation are
carried out in MATLAB environment and AVR Microcontroller respectively.
The simulated performances are studied in steady-state and transient
conditions for varying load, speed, and torque. The results of the DTC-PMSM
drive system using CBSVM show that the proposed method can effectively

reduce the torque ripple and maintain a constant speed and also improved
driving performance of drive for electric vehicle applications.
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1. INTRODUCTION

The permanent magnet synchronous motor (PMSM) drive has the heart of electric vehicle application.
The main advantages of PMSM are high power-to-weight ratio, high efficiency, ruggedness, low value of
cogging torque, and the capacity of the additional reluctance torque as compared to the induction machine. It
is not a necessity to supply magnetizing currents through the stator flux because of magnets in the rotor and
the constant air gap. The motor is exposed to different load and speed profiles in the electric vehicle application.
This paper finds its motivation, at low speeds and the back emf respectively. So gives high speed as in high
input current. For reducing the switching losses, it would operate at low switching frequencies and high
switching frequencies for low speeds and high speeds respectively. Vector control is the most, simple and
efficient method [1].

In ac drives, the direct torque control (DTC) method has a replacement for the field oriented control
(FOC) method due to its high performance and was invented in 1980 [2]. The main advantages of DTC are
robustness, simple construction, fast torque response, and current regulation also no need for coordinate
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transformation [3]. For high power applications, and diode clamped multilevel inverters (DCMLI) are most
commonly used [4]. Due to the disadvantages of the conventional inverter, it is switched over to a multilevel
inverter. Multilevel inverters have the advantage of lower dv/dt per switching, lower voltage distortion, less
harmonic content, and operate at high efficiencies [5]. They can switch to a lower frequency than pulse width
modulation (PWM) controller inverters [6]. Hence a novel DTC-based diode clamped multilevel inverter
(DCMLI) fed PMSM drive with carrier-based space vector modulation (CBSVM) switching technique has
been proposed for automotive applications which can decrease current ripple and maintain the switching
frequency [7]. To removes some of the drawbacks present in DTC, different modulation techniques have been
proposed [8]. In support vector machine (SVM), active vectors are chosen from the look-up table and the zero
vectors by a duty-ratio controller [9].

The DTC is a good controller of flux and torque control for PMSM in steady-state and transient-state
[10]. In DTC, without the need for coordinate transformation, current regulator, PWM signal generator, and
position sensors, the principle works on the selection of voltage vectors strategy [11]. The main advantages &
disadvantages of DTC are stator current control and disadvantages are current ripples, variable switching
frequency, and torque and flux control [12]. The multilevel inverter is proposed to solve the problems [13].

In DTC-SVM the estimator is used to calculate an appropriate voltage vector to compensate for flux
and torque errors which gives less torque and flux ripple but introduces more complexity and losses [14]. To
overcome this drawback in space vector pulse width modulation (SVPWM), a novel modulation technique
named CBSVM is described using the method of effective time [15]. In this method output voltage of the
inverter is directly calculated and the voltage modulation task can be greatly simplified [16]. The time
relocation algorithm can be used for output signals of each inverter arm converted in a simple form [17].
Therefore, the main objective of this paper is to introduce three-level DCMLI-fed DTC- PMSM drives using
CBSVM [18]. The simulation is carried out in a MATLAB environment and experimentally verified using an
AVR microcontroller which incorporates Atmega8 for switching purposes & Atmegal6 is used for monitor
&control [19].

Section 1 described the introduction. Section 2 described the mathematical modeling of PMSM.
Section 3 described the proposed methodology. Section 4 described simulation results analysis of DTC-PMSM
with CBSVM, in section 5, hardware analysis was made. In section 6 conclusions have been given.

2. MATHEMATICAL MODEL
The induced voltage in the D-axis winding:

. da
Uy = Ryig + d—t" — w, A, (1)

where ‘id”and ‘Rd’ are called direct-axis stator current and resistance respectively. The induced voltage in the
Q-axis winding:

ug, = Rgig + % - wply (2
where ‘Rq’and ‘iq’ are called the quadrature-axis resistance and current of the stator

Aa = Laig + A 3)
where 1d=flux-linkage in the direct-axis of the stator in webers, Am is the PM rotor flux

Aq=Luqiq 4

where Ag=flux-linkage in the quadrature-axis stator (Wb), in this case of the quadrature-axis, there are no
magnets so Am is absent, for round rotor PMSM

La=Lq Q)

The PMSM torque equation is:

T, = %g(?\diq — Agia) (6)
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substituting for ‘Ad’ and ‘Aq’ in the torque equation of PMSM,
3 . . P
To = ~2 [(Aaia +Am)iq — Lqiqial (7)
Te =22[(La = Lq)ialq + Amiq] ®)

the two components of torque developed are:

Reluctance torque = %g(Ld — Lg)igiq 9)

field torque = gg Amiq (10)
3 ,

Te = =2 Amig (11)

In a round rotor PMSM, the electromagnetic torque present is the field torque present due to the PM
flux linkage, Am. For a chosen PMSM, the PM rotor flux-linkage (/m) and the number of poles (p) are constant.
Hence, the electromagnetic torque equation for the round-rotor PMSM is

where Kt=Torque constant

K, =322, (13)

T 22
therefore, electromagnetic torque is

T, =T, + By +] 2 (14)

3. PROPOSED METHODOLOGY

3.1. Direct torque control
Figure 1 shows the schematic diagram of the DCMLI -DTC PMSM drive. In DTC, select stator

voltage vectors directly by hysteresis stator flux and torque control. Stator flux ¥s"and torque T."are compared
by the hysteresis comparators for selection of voltage vector in inverter by switching table [20].
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Figure 1. Schematic of DCMLI-DTC PMSM drive
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For selecting an appropriate voltage vector, hysteresis, and comparators are replaced by an estimator
for torque and flux errors measurements. It gives less torque and flux ripple for getting a good dynamic
performance and also gives simplicity, introduces more complexity, and loses DTC. A novel CB-SVM is
introduced. It has the advantages require effective time and the inverter output voltage is directly calculated
fewer times for voltage modulation task simplification [21]. The less time algorithm can be used to deduce
actual gating signals for each inverter arm in a simple form. Using Clark transformation, the measured motor
currents are transformed to a-f. The voltage is calculated from the inverter switching state into a-f reference
frame for the DC-link voltage. The inverter output voltage is directly calculated and converted in a simple form
in less time by the time relocation algorithm in the proposed DTC- CBSVM PMSM drive [22].

4.  SIMULATION RESULTS
4.1. Steady-state performance of DTC-PMSM drive

The D & Q axis inductances are 0.0068H and 0.0068H, the values of resistance, and permanent flux
are 1.9Q and 0.15Wb. The total number of the pole is 2, the values of friction and movement of inertia for
PMSM are 0.000059 Nm-s; and 0.00021 kgm?. The dc-link voltage is 380V. The sampling time and frequency
are 0.0004 sec and 2.5 kHz for 3Nm constant load torque at a reference speed of 1200 rpm.

The output voltage of DCMLI line voltage and the three-phase stator current using CBSVM are purely
sinewave in Figure 2 and Figure 3 respectively with few high-order harmonics to the steady operation [23].
Figure 4 to Figure 7 shows the performance of the DTC-PMSM drive using CBSVM in a steady-state condition.
In Figure 4, At time t=1s, the reference speed stepped from 0 to 1200 rpm, in the range of t=2 sec to 4 sec,
speed is almost constant. In the range of t=4 sec to 4.5 sec. The speed has been in the range of 1200 rpm to
1500 rpm. Rotor speed was near 1500 rpm and the motor goes in a steady operation due to the speed controller
quickly exited saturation. At time t=4.5 sec motor speed reached the reference value with the highest
acceleration and torque, as shown in Figure 5. The load torque is added in the range of (0-5N.m) at 1sec and is
suddenly decreased in the range of (5-4N.m) at 2 sec as shown in Figure 5. It can be seen that the motor torque
change as per the motor load. The change in the value of the system was only 0.2% and zero at the steady
value. At the time 0.02 s to 0.07 s, the motor voltage reaches 500 V, and in the time range of 0.08 sto 1 s, the
motor voltage fall. Initially motor current is very high. It reaches 200 amp. At the time t=1 s, it reduces and
again reaches to constant 200 amp up to 8 sec. Figure 8 shows that flux response of DTC-PMSM drives using
CBSVM. Figures 9, 10(a) and (b), 11 shows the performance of the DTC-PMSM drive using CBSVM in
transient conditions. Figure 12 and Figure 13(a)-(c) shows that the THD of DCMLI line voltage and current
using CBSVM. Table 1 shows the DCMLI THD outputs. Table 2 shows torque ripple & copper loss analysis
of DTC-PMSM drive using CBSVM at 2.5 kHz switching frequencies.
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Figure 2. DCMLI line voltage waveform using CBSVM
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Figure 3. DCMLI current waveform using CBSVM
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Figure 5. Torque analysis of DTC-PMSM drive
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Figure 7. Stator's current analysis of DTC-PMSM drive using CBSV
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Figure 8. Flux analysis of DTC-PMSM drive
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4.2. Transient performance of DTC-PMSM drive
4.2.1. Transient performance of DTC-PMSM drive at load (3N-M)

Figure 9 shows transient performance of DTC-PMSM drives. Figure 9(a) shows the starting torque at
3 or 4 times its nominal value for the desired speed. Figure 9(b) shows the d-q motor voltage. It increases up
to 600V and constant at 400V. Figure 9(c) shows the stator current. Initially motor takes more currents and it
is constants at particular speed [24].
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Figure 9. Transient performance of DTC-PMSM drives for; (a) transient performance of torque analysis
(b) transient performance of motor voltage, and (c) transient performance of stator current analysis
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Figure 11. Block diagram of DCMLI-DTC PMSM drive using CBSVM

Bulletin of Electr Eng & Inf, Vol. 11, No. 4, August 2022: 1867-1881




Bulletin of Electr Eng & Inf ISSN: 2302-9285 O 1875

IGBT ATMEGAS PMSM
BRIDGE With Board for Gate Motor with
Isolator Circuit Pulse mechanical

Generation loading

Power Circuit ATMEGA16 Board
DSO For Gate For Feedback &
Output Switching Control

Figure 12. Experimental setup of DCMLI-DTC PMSM drive using CBSVM
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Figure 13. phase voltages (a) at 40 Hz (b) at 45 Hz, and (c) at 50 Hz

Table 1. DCMLI THD analysis

THD CBSVM (%)
Line voltage 10.04
Line current 0.73

From the simulation analysis, we calculate the % torque ripple and copper loss in watts by using the
formula pe=(1a%+ 1b?+ 1c?) x R), assume Ra=AR4=Rc=Torque ripple (%)=(Tmax — Tmin)/ Tavg+* 100.
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Table 2. Torque and copper loss analysis
Speed (RPM)  Switching frequency (kHz)  %Torque ripple  PCU in watt
1200-1500 rpm 2.5 KHz 10.52 36.19W

5. HARDWARE IMPLEMENTATION

For triggering the Insulated-gate bipolar transistor (IGBT), twelve gate pulses generate by using a
diode clamped inverter. The hardware consists of AVR microcontroller, optocouplers (4N35), and
FGA15N120AN IGBT drivers. Figure 11 shows the schematic diagram of the hardware model. The generation
of twelve pulses for IGBT’s power circuit by using AVR microcontroller programmed. Port B and Port C are
assigned to generate pulses for the inner and outer IGBTs. 4N35 optocouplers have been used for the protection
of high and low-voltage devices. Voltage and Power to switch on and off the IGBTs, IGBT’s driver
FGA15N120AN has been used. Generation of pulses using the CBSVM technique for DCMLI by The AVR
Microcontroller The hardware setup of the DCMLI -DTC PMSM drive using CBSVM is shown in Figure 12.
The converter is designed for the following specifications: Input voltage=280 V (rms), supply
frequency=50 Hz, rectifier voltage with filter=380 V dc, Inverter voltage=270 V (line-line) switching
frequencies=2.5 KHz, inverter power=1.5 KVA, load power-1.8 KW (resistive) [25].

The hardware results are presented for DTC- CBSVM PMSM drives as shown in Figures 13,
14(a)-(c), 15. Hence, we conclude that by increasing the inverter frequency the speed of the motor also gets
increased [26]. At constant frequency, the motor speed also remains constant, irrespective of the load. The
output voltage using the CB-SVM scheme is better than using the SVM scheme [27]. Torque verse load power
characteristics at different frequencies are shown in Figures 16(a)-(c). Load-motor speed variation at a different
frequency shows in Tables 3-5 respectively [28].
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Figure 14. Line voltages (a) at 40 Hz (b) at 45 Hz, and (c) at 50 Hz
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Figure 16. torque vs load power characteristics (a) at 1200 rpm, (b) at 1350 rpm, and (c) at 1500 rpm

Table 3. Load-motor speed variation at 40 Hz
Sr. Weight Volt Current Power Torque Expected speed Measured speed

No. (Kg) V) (A) (W) (N-m) (rpm) (rpm)
1 05 260 1.23 320 248 1200 1240
2 10 260 1.26 330 256 1200 1240
3 15 260 1.30 340 2.64 1200 1240
4 20 260 1.34 350 271 1200 1240
5 25 260 1.38 360 279 1200 1240
6 3.0 260 1.42 370 2.87 1200 1240
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Table 4. Load-motor speed variation at 45 Hz
Sr. Weight Volt Current Power Torque Expected speed  Measured speed
No. (Kg) V) (A) W) (N-m) (rpm) (rpm)
1 0.5 264 1.13 300 2.08 1350 1380
2 1.0 264 1.13 300 2.08 1350 1380
3 15 264 1.17 310 2.15 1350 1380
4 2.0 264 1.21 320 2.22 1350 1380
5 25 264 1.25 330 2.29 1350 1380
6 3.0 264 1.25 330 2.29 1350 1380
Table 5. Load-motor speed variation at 50 Hz
Sr. Weight Volt Current Power Torque Expected speed Measured speed
No. (Kg) V) (A) (W) (N-m) (rpm) (rpm)
1 0.5 270 1.01 272 1.68 1500 1540
2 1.0 270 1.09 295 181 1500 1540
3 15 270 1.13 305 1.89 1500 1540
4 2.0 270 1.20 325 2.01 1500 1540
5 25 270 1.28 345 214 1500 1540
6 3.0 270 1.35 365 2.26 1500 1540

It is observed that, at a constant frequency, speed remains constant irrespective of load. The motor
runs at synchronous speed. Speed also gets changed accordingly to the inverter frequency. The overall
motor performance can be very well judged from the performance characteristic shown in Figures 17(a)-(c),

18(a)-(c).
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Figure 17. Speed vs load power characteristics (a) at 1200 rpm (b) at 1350 rpm and (c) at 1500 rpm
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CONCLUSION
The simulation and experimental analysis of a DTC-CBSVM PMSM drive in an electric vehicle (EV)

has been discussed in this paper. The inverter output voltage is directly calculated and converted in a simple
form in less time by the time relocation algorithm in the proposed PMSM drive. In DTC-CBSVM PMSM
drive, it can effectively reduce the torque ripple and maintain a constant speed. In the novel, the DTC-CBSVM
method, torque ripple, and harmonic distortion reductions in motor currents and voltages are shown. Hence
driving performance of the PMSM drive can be improved for electric vehicle applications.
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