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ABSTRACT

Adjustable speed drives (ASDs) have emerged as the work horses of industries with a
perspective of making the industrial processes more efficient and controllable. Permanent
magnet synchronous motor (PMSM) drives are gradually emerging as the first choice of
the ASD markets competing with variable speed induction motor and DC motor drives,
due to their multifarious advantages like compact rotor structure, high power density,
absence of rotor losses, better efficiency and excellent controllability. The advent of high-
power semiconductor devices and power converter circuits controlled by high speed
microprocessors have enabled PMSM drives to come a long way for low power servo
applications ranging from 0.1kW to 10kW, and for high power applications up to 250kW.

Field oriented control (FOC) and direct torque control (DTC) are two important
control techniques adopted for achieving speed and torque control in AC motor drives,
mostly driven by a 2-level voltage source inverter. However, at higher power levels multi-
level inverters (MLI) are employed to feed the motor drive in order to reduce the (dv/dt)
stress across the power devices and to obtain a reasonably good response even with lower
switching frequencies. Renowned MLI topologies such as neutral point clamped inverter
(NPC), cascaded H bridge inverter (CHB) and flying capacitor inverter use too many
devices and active and passive elements. In this context reduced switch MLIs prove to be
meritorious over the conventional MLI topologies in terms of being cost-effective and
more reliable (due to the reduced number of elements). Several modulation schemes exist
for controlling the magnitude and harmonic content of the output voltage in any MLI;

space vector pulse width modulation (SVPWM) being the most desirable with its property
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of imparting better DC bus utilization and lesser harmonic content in the output even at a
lower switching frequency.

A reduced switch 5-level inverter, namely, the transistor clamped H bridge
(TCHB) inverter, has been explored in this work to feed a field-oriented controlled
(vector-controlled) PMSM of 3.5 kW rating. As a prelude to this, a 2-level inverter
controlled by SVPWM technique is implemented in Simulink/ MATLAB environment,
to power a vector-controlled PMSM drive. The performance of the drive under different
operating conditions such as starting, steady state operation at different speeds and
torques, load perturbation, torque perturbation and speed reversal has been investigated
in simulation and validated using a laboratory prototype of the 2-level inverter fed FOC
PMSM drive. A simplified methodology, using a DSP and the Embedded coder toolbox
from Mathworks, is adopted for the sensor based vector control of a surface mounted
PMSM (SPMSM) drive for low values of speeds where saliency based sensorless tracking
methods cannot be employed easily. Embedded coder generates the processor specific
code in the MATLAB/Simulink platform itself, obviating the need for elaborate DSP
programming. It enables easier rotor position and speed measurement using the enhanced
quadrature encoder pulse (eQEP) module of the DSP.

A novel reduced switching analysis based SVPWM algorithm has been proposed
for any (2"+1)-level inverter (n=1,2,3 etc. yielding 3,5,9... level inverters) which allows
a step wise translation of the space vector diagram (SVD) of the (2"+1)-level inverter to
a basic 2-level by using pivot vectors at ‘n’ different levels. The proposed SVPWM

algorithm also elucidates and establishes that the switching combinations of the entire
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(2"+1)-level SVD, with 6" small hexagons can be derived by investigating the switching
combinations of merely a set of 2" small (2-level) hexagons, thereby reducing the memory
requirements for lookup tables and computation time of the processor. The successful
implementation of this novel SVPWM algorithm has been demonstrated for 3-level and
5-level NPC and CHB inverter topologies.

This novel SVPWM algorithm is proposed as an improved modulation scheme
for the TCHB 5-level inverter feeding a vector-controlled PMSM drive. In addition to
simulation results, experimental results obtained from a laboratory prototype of the three
phase TCHB inverter, running the SVPWM code using a DSP and Embedded Coder,
infer that the drive offers excellent dynamic response, along with a very good steady state
response with precise speed and torque outputs.

The TCHB inverter fed PMSM drive is also explored as one of the important
powertrain components for electric vehicle (EV) applications. To demonstrate the
viability of this inverter- motor duo for EV applications, wide speed operation of the MLI-
fed PMSM drive is investigated using the field-weakening control. The response of the
drive demonstrates that the proposed SVPWM algorithm helps the TCHB inverter to
control the drive effectively and accurately over a wide range of speeds which would
allow this drive unit to be used in a light motor vehicle. Further, to exhibit the efficient
operation of the TCHB inverter for EV applications, a loss analysis of the TCHB inverter
is presented using a simplified model for switching and conduction losses. This
MATLAB/Simulink based simplified methodology is also proposed as a generalized

methodology for developing the loss model for any MLI topology. From the loss



calculations carried out using this model, it is evident that the TCHB losses are much
lower than a 5-level CHB inverter.

Finally, direct torque control (DTC) also has been implemented with a 5-level
TCHB inverter fed PMSM drive. Further, an objective comparison of DTC and FOC has
been carried out to bring out their relative advantages and disadvantages. In all, this work
is an effort to investigate the use of a reduced switch 5-level inverter fed PMSM drive for
a light weight EV application where accurate speed control has been achieved for a wide
range of speed. Also, to utilize the DC bus effectively, a novel SVPWM algorithm has

been proposed, designed, modeled, simulated and implemented in hardware.
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Connection diagram of PMSM encoder terminals with eQEP port of the
DSP

Starting transients of the 2-level VSI fed vector controlled PMSM drive
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Speed perturbation in a 2-level VSI fed vector controlled PMSM drive for
a constant load

(a) Load perturbation in a 2-level VSI fed vector controlled PMSM drive
for a constant speed (b) Zoomed view showing the speed retracting to its
constant value at every load change

Speed reversal of a 2-level VSI fed vector controlled PMSM drive
Experimentally obtained encoder Pulses (a) A and B (counterclockwise)
(b) Index pulses

Experimental results for steady state response of 2-level VSI fed vector
controlled PMSM drive at 1000 rpm (a) PWM generated voltage
references for VSI (b) Rotor position from encoder (¢c) DAC outputs of
reference and actual speeds with line voltage and line current (d) is;* and
Isq actual (e) is,™ and iy, actual.

Dynamic response of 2-level VSI fed vector controlled PMSM drive

(a) Speed tracking(b) Speed reversal

Five level SVD (a) Big Hexagons (1-6) (b) Small Hexagons (Al-F1)

Pivot Vectors (a) Three-level (PV3) (b) Two-level (PV2) (c) Magnitude
calculation of PV3 and PV2

Flowchart showing the translation of 5-level reference vector to 2-level
3-Level NPC inverter (a) Circuit configuration (b) 3-level SVD

Reduced 2-level small hexagons of a 3-level SVD (a) Aand D

(b) Cand F (c) Band E

5-level Cascaded H Bridge inverter (a) Circuit configuration of a single
phase (b) 5-level SVD

Sets of reduced 2-level hexagons yielding simplification in the switching
analysis of a 5-level inverter (a) Al, D1, A4, D4 (b) C3, C6, F3, F6 (c) B2,
B5, E2, E5

Flowchart showing implementation of Table 6.12 for simplification of
phase ‘a’ switchings for a 5-level inverter

Simplifications in phase ‘a’ switchings

MATLAB/Simulink model for a 3-Level NPC inverter
MATLAB/Simulink model for a 5-Level NPC inverter (a) The complete
model (b) Subsystem showing 5-Level to 3-Level translation
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(c) Subsystem showing 3-Level to 2-Level translation (d) Subsystem
within the 2-level logic block of 4.11(a)

Experimental set-up for SVPWM triggered 3-level NPC inverter
Experimental set-up for SVPWM triggered 3-level CHB inverter

Firing pulse generation using a DSP and buffer board

Experimental set-up for SVPWM triggered 5-level CHB inverter

Firing pulses for phase ‘a’ of (a) 3-Level NPC inverter (b) 5-Level NPC
inverter (c) 3-Level CHB inverter (d) 5-Level CHB inverter

Simulated voltage and current waveforms for the inverters

(a) 3-level CHB (b) 3-level NPC (a) 5-level CHB (b) 5-level NPC
Variation in voltage and current THD with change in switching frequency
at a fixed Ml and load

Variation in voltage and current THD with change in MI at a fixed
switching frequency and load

Carrier-based PWM (IPD modulation) for a 3-Level NPC inverter
Carrier-based PWM (IPD modulation) for a 5-Level NPC inverter
Variation in THD (%) with change in modulation index at constant
switching frequency and constant load

(a) Voltage THD (b) Current THD

Variation of fundamental line voltage (RMS) with change in MI for
SVPWM and SPWM fed NPC inverters

Proposed SVPWM triggered inverter voltage and current waveforms for
(a) 3-level NPC (b) 3-level CHB (c) 5-level CHB and Harmonic spectrum
of line voltages and currents for (d) 3-level NPC (e) 3-level CHB (f) 5-
level CHB

Proposed SVPWM fed (a) 3-level CHB inverter line voltages (b) 5-level
CHB inverter line currents

Response of the SVPWM triggered 3-level CHB inverter to variations in
load

Response of the SVPWM triggered 3-level CHB inverter to variations in
modulation index

Single-phase TCHB inverter with RL load

Operational modes of the single-phase TCHB inverter

Conventional level-shifted modulation schemes for the TCHB inverter
with (a) Level-shifted carrier waves (b) Level-shifted modulating waves
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Fig. 6.1
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Fig. 6.4

Generation of firing pulses for single-phase TCHB inverter using
conventional level-shifted modulation scheme of Figure 5.3(b)

Small hexagon Al of a 5-level space vector diagram

Firing pulse generation using carrier based PWM for one phase of the
TCHB inverter

Experimental set up of a three phase TCHB inverter feeding an RL load
Simulated and experimentally obtained gating pulses for three phase
TCHB inverter feeding an RL load (a)&(b) Conventional Scheme (¢) &
(d) Proposed SVPWM Scheme

Simulation results for TCHB inverter feeding an RL load and triggered
with the conventional carrier-based scheme (a) Line voltage and current
(b) Harmonic spectrum of line voltage (c) Harmonic spectrum of current
Experimental results for TCHB inverter feeding an RL load and triggered
with the conventional carrier-based scheme (a) Three phase line currents
and single phase load voltage (b) Three phase line voltages (c) Harmonic
spectrum of line voltage (d) Harmonic spectrum of line current
Simulation results for TCHB inverter feeding an RL load and triggered
with the proposed modulation scheme (a) Line voltage and current (b)
Harmonic spectrum of line voltage (c) Harmonic spectrum of current
Experimental results for TCHB inverter feeding an RL load and triggered
with the proposed modulation scheme (a) Three phase line currents and
single phase load voltage (b) Three phase line voltages (c) Harmonic
spectrum of line voltage (d) Harmonic spectrum of line current

Variation of total harmonic distortion (THD) with modulation index for
line voltage of TCHB inverter triggered with the conventional and
proposed modulation schemes

Switching signals for (a) Carrier-based modulation scheme at

1700Hz (b)Proposed SVPWM based modulation scheme at 900 Hz
Redundant switching states of small hexagons (a) D1 (b) A4

Balanced capacitor voltages V-, and V., for the proposed SVPWM fed
TCHB inverter feeding an RL load as per parameters of Table 5.7

Block schematic of a battery-operated electric vehicle

TCHB fed PMSM drive configuration for an EV

Overall conduction loss model for the 5-level TCHB inverter

Per phase IGBT conduction loss model for the 5-level TCHB inverter
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Fig. 6.23
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Fig. 7.1

Per phase bridge diode conduction loss model for the TCHB inverter

Per phase feedback diode conduction loss model for the 5-level TCHB
inverter

Expanded view of the logic blocks of Figure 6.6 for switching states
(@)P2 (b) P1

Energy versus current datasheet for IGBT SKM75GB12T4

Per phase switching loss model for TCHB inverter (a) Overall switching

loss model (b) Expanded view for Si Loss of Figure 6.9(a)

Simulation image showing conduction and switching losses being
displayed at 2kHz switching frequency and rated load of 7.3A for a single
phase of the TCHB inverter

Gating pulses for one fundamental cycle of a TCHB inverter

Per phase IGBT conduction loss model for the 5-level CHB inverter

(a) Per phase feedback diode conduction loss model for the 5-level CHB
inverter (b) Logic inside the subsystem of D1ON

Logic blocks showing generation of DnON labels from different states of
5-level CHB inverter (a) P2 (b) P1 (c) N1 (d) N2 (e) O

Vector controlled PMSM drive fed from a novel SVPWM based TCHB
for an urban drive cycle (UDC) with the zoomed view for current and speed
Regenerative performance of the PMSM drive (a)Deceleration from 750
rpm to 250 rpm (b) Regenerated power in a PMSM drive based EV
Conduction and switching losses at 2kHz switching frequency and rated
load of 7.3A for single phase CHB inverter

Variation of inverter losses (a) with variations in switching frequency at
rated load (7.3A) (b) with changing load at a switching frequency of 2 kHz
PMSM and DC machine motor-generator set for experimentation
Experimental set-up of TCHB inverter fed PMSM drive

Steady state experimental results for vector control of the TCHB inverter
fed PMSM drive triggered with the proposed SVM scheme at 1000 rpm
and 15% of rated torque

Dynamic response of TCHB inverter fed PMSM drive showing (a) speed
dynamics at a constant load (b) load perturbation at constant reference
speed

Comparison of speed tracking for (a) 5-level TCHB inverter fed PMSM
drive (b) 2-level inverter fed PMSM drive

The constant torque and constant power regions of operation of a PMSM
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Fig. 8.4
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Fig. 8.6
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Fig. 8.7
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Voltage and current limit circles of (a) Surface mounted PMSM (b)
Interior PMSM

Phasor Diagram of a SPMSM in the field-weakening zone

Block schematic of closed-loop operation of a PMSM over a wide speed
range of operation

MATLAB/Simulink model of implementing wide speed range control for
a SVPWM triggered 5-level TCHB or a 2-level VSI fed PMSM drive
MATLAB/Simulink Model of Various Subsystems of Figure 7.5 involved
in the calculation of new values of is; and is, for Implementing Field
Weakening Control in a PMSM Drive (a) Subsystem for calculating new
value of ig; (b) Zoomed subsystem (c) Subsystem for obtaining the new
value of i;,based on the new value of i;,; obtained in part (a)
MATLAB/Simulink Models of the following Subsystems of Figure 7.5
(a) The FWC (b) Torque Angle Calculation Block (c) Airgap Flux Linkage
Evaluation Block

Simulation results of SVPWM triggered 5L-TCHB inverter fed PMSM
drive operation in the field-weakening zone (a) Characteristic waveforms
of important parameters (b) Harmonic spectrum of the line currents and
voltages

Simulation results of SVPWM triggered 2L-VSI fed PMSM drive
operation in the field-weakening zone (a) Characteristic waveforms of
important parameters (b) Harmonic spectrum of the line currents and
voltages

Wide speed operation of SVPWM triggered 51 TCHB Inverter Fed PMSM
Drive Ranging from 100 rpm to 4500 rpm

Block schematic for direct torque control of a two-level voltage source
inverter (VSI) fed PMSM drive

Active switching vectors generated by a 2-Level VSI

Block schematic for SVPWM based DTC for a 2-level VSI fed PMSM
drive

MATLAB/Simulink based DTC Model for a 2-level VSI fed PMSM drive
Expanded view of subsystems of Figure 8.4 for flux estimation

Expanded view of subsystems of Figure 8.4 for torque estimation

(a) Without using rotor position (b) Using rotor position
MATLAB/Simulink relay block for setting up the (a) 3-level torque
hysteresis controller (b) 2-level flux hysteresis controller
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Fig. 8.14

Fig. 8.12
(a)-(d)

Steady state response of a 2-level VSI fed DTC PMSM drive

Dynamic response of a 2-level VSI fed DTC PMSM drive with speed
perturbations at constant load torque

Dynamic response of a 2-level VSI fed DTC PMSM Drive with load
perturbations at constant speed

Steady state response of a 5-level TCHB fed DTC PMSM drive
Comparison of torque ripples for DTC-PMSM drive fed by (a) 2-level
hysteresis controller based VSI (b) 5-level TCHB inverter

Comparison of torque pulsations for (a) 2-level VSI fed DTC PMSM drive
using hysteresis comparators (b) 5-level TCHB inverter fed SVPWM
based DTC PMSM drive using PI controllers (c) 5-level TCHB inverter
fed FOC PMSM drive

(a) Zoomed torque pulsations for 8.13 (b) - (c); (b)Comparison of dynamic
load torque response for 5-level TCHB inverter fed DTC PMSM drive and
5-level TCHB inverter fed FOC PMSM drive

Comparison of DTC and FOC PMSM Dirive (a) Speed trajectory tracking
(b) Dynamic load torque tracking response (c) Zoomed view of torque
pulsations (d) stator Current Response
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