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An Efficient DSP-FPGA-Based Implementation of
Hybrid PWM for Electric Rail Traction
Induction Motor Control

Lijun Diao

Abstract—Low switching frequency is always used in an electric
rail traction induction motor control system, in order to reduce
switching losses and increase system reliability. But under low
switching frequency, the conventional single pulse width modu-
lation (PWM) technique for the whole speed region will produce a
large number of harmonic components, which in turn cause motor
heating, torque ripple, and other adverse effects. In this paper, a
hybrid PWM technique formed by merging carrier-based asyn-
chronous and synchronous modulation and optimal synchronous
modulation is proposed to achieve low losses and total harmon-
ics based on very low switching frequency. A simple low-cost and
low-power digital signal processor (DSP) and field programmable
gate array (FPGA) hybrid hardware structure is then adopted
for implementing the technique, which fully utilizes advantages
and resources of each processor. Total harmonic distortion of the
system can hence be reduced by operating with the high-precision
hybrid PWM, while not compromising the multirate and multitask
processing requirements of traction control. Detailed implementa-
tions in both DSP and FPGA with high accuracy, low usage of
resources, and computational burden are then described, focus-
ing particularly at the smooth transitions among different PWM
schemes. Simulations and experiments are eventually performed
with results captured for validating the presented hybrid PWM
technique.

Index Terms—Digital signal processor (DSP), field pro-
grammable gate arrays (FPGA), hybrid pulse width modula-
tion (PWM), low switching frequency, smooth transition, traction
motor.

I. INTRODUCTION

URRENTLY, most electric rail traction systems are driven
by induction motors fed by voltage source inverters (VSIs)
[1]. These inverters are still mostly implemented with silicon
(Si) semiconductors, such as insulated-gate bipolar transistors
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(IGBTs). It is certainly true that wide-bandgap semiconductor
devices, such as silicon carbide, can be used for assembling im-
proved inverters with lower losses and smaller sizes [2], [3], but
their present costs and power levels are not likely to promote
immediate wide-spread usage. Si devices are, therefore, still the
main building blocks for inverters. No doubt, the doping pro-
cess of Si devices has greatly improved their controllability and
stability within a certain temperature range, but high switching
and ON-state losses will still lead to excessive junction temper-
ature that can cause the devices to fail. It is thus common to
use low switching frequencies in rail traction systems to lower
switching losses of IGBTs, and hence improving their thermal
life and capacity.

Since introduced to the field of electric drive in 1964 by
Schonung and Stemmler [4], pulse width modulation (PWM)
techniques are developing very quickly, the general used PWM
techniques have been studied and compared for induction motor
drives in [5]-[10]. PWM techniques produce the desired
voltage as the basic goal, and by optimizing the switching
modes, they achieve better dc bus voltage utilization, optimize
converter harmonics and losses, and improve the output fre-
quency spectrum of three-phase converters and other indicators
[51, [7], [8]. Electric rail traction converters have characteristics
such as large power, low switching frequency, wide speed range,
etc. If a single conventional continuous modulation method such
as sinusoidal PWM (SPWM) or space vector PWM (SVPWM)
is used for the whole speed range control of traction induction
motor, the carrier frequency ratio NV, in the middle to high
frequency regions decreases as the motor frequency increases,
which will cause the converters produce a large number of
harmonic components, resulting in motor heating, torque rip-
ple, and other adverse effects [7]. Compared to this, the dis-
continuous PWM (DPWM) methods are well known to reduce
the harmonic distortion at high N, at a given average switching
frequency [10]. Based on the aforementioned reasons, while tak-
ing into account the dc voltage utilization, real applications of
electric rail traction converters often use hybrid PWM methods,
i.e., low-frequency region using conventional continuous modu-
lation, medium to high-frequency region using overmodulation
or synchronous modulation, and finally transiting to square-
wave [11].

At present, electric rail traction converters mostly use hy-
brid PWM techniques. There are mainly three methods for
medium frequency transition zone: overmodulation, central 60°

See http://www.ieee.org/publications_standards/publications/rights/index.html for more intormation.
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synchronous modulation, and optimal synchronous modulation.
Mitsubishi and Toshiba adopted synchronous SVPWM for low-
frequency region, then used overmodulation I and II regions to
smoothly transfer to square-wave [12]. The proposed method
is simple, but has high fifth and seventh subharmonics [13],
[14], which makes it necessary to establish an accurate mo-
tor model to observe the fundamental current for closed-loop
current control [15], and will cause low frequency oscillation
problem when N, is not higher than 11 [16]. Early German
ICE high-speed trains and China’s first ac electric locomotive
AC4000 used central 60° synchronous SPWM modulation tech-
nology [17]; it just modulates at central 60° area for each half-
period (can be seen as opposite with conventional 60°-DPWM
presented in [18]), which can be easily implemented and has
low switching losses, but has very high peak motor currents and
low-frequency harmonics. In contrast, optimized synchronous
modulation methods can achieve different optimization goals
[7], the representatives are selected harmonic minimum PWM
(SHEPWM) [17]-[22] and current harmonic minimum PWM
(CHMPWM) [23], [24]. ALSTOM and GE adopted the more
mature SHEPWM technology [25], whereas SIEMENS used
offline harmonic current optimization synchronous modula-
tion technology [26]. Based on the high performance and
fast development of processors in control systems, the opti-
mized synchronous modulation methods will be more widely
adopted.

A control system of electric rail traction converter is in fact
a multitask and multirate system; the tasks include modulation,
motor control algorithm, traction logic, protection logic, com-
munication, diagnosis, etc., under different rates. To meet these
requirements, over the last few years, three main implementa-
tion structures have been reported [27], [28]:

1) on-chip structures based on microcontrollers (MCUs) or
digital signal processors (DSPs) [11], [17], [29]-[31],
where natural sequence based operation and high-level
programming languages are used;

2) on-chip structures based on field-programmable gate ar-
rays (FPGAs) [32]-[34], where parallel operation and
hardware description languages are used; and

3) hybrid structures which combine both type of processes
connected through external memory interfaces [27], [28],
[35]-[38], where more complicated operation can be im-
plemented in an easier way.

In MCUs or DSPs, it is easy to implement carrier-based
PWMs (CBPWMs), such as SPWM, SVPWM, and central 60°,
by using up/down time-base counter and compare logic of built-
in PWM modules [16], [17], [39]. But for optimal synchronous
PWM (OSPWM), pulses must be generated by forced levels
and strictly updated on the edge of the time-base counter [11].
In order to avoid timing conflicts among modulation, main con-
trol, and other algorithms [41], more complicated multitask and
multirate management strategies using DSP/BIOS [40] or pre-
emptible interrupt service routines (ISRs) must be taken into
account [28], [37], even though the resolution of the PWMs is
not very high [34], [37]. Comparatively, from [33], [42], and
other literature, it seems that hardware concept based FPGAs
can perfectly solve all of these problems under the following

3277

merits: better real-time, higher resolution, higher flexibility, etc.
In spite of this, to implement the multitask control software
of electric rail traction converter, sophisticated programming is
necessary, and an expensive chip with a large number of logic
elements is needed [28]. Considering the software and hard-
ware flexibility and capability, cost, etc., a hybrid structure is a
much better choice. One approach is using FPGA with embed-
ded DSP [43], but the complex implementation limits its usage.
The second approach is provided by Xilinx, Microsemi and
Intel FPGAs (formerly Altera), which called all programmable
system on chip (SoCs), where advanced RISC machines proces-
sors, DSP slices, and programmable logic are all included in a
single chip [44]-[46]. This hybrid solution using all three types
of computational blocks may therefore (maybe) work better than
just using DSP or FPGA alone. But it is a brand new product
which needs more man hours to migrate, where the developer’s
past experience and previous work will seriously influence the
migration time. As a result, in this paper, the hybrid structure of
a DSP in conjunction with an FPGA is chosen for electric rail
traction converters. In this framework, low-cost DSP and FPGA
are adopted, with fully utilized resources, DSP is used to deal
with complex algorithm and low-rate tasks, and FPGA is used
to implement higher real-time tasks.

The main contribution of this paper is related to a more
advanced explanation about the hybrid PWM implementation
for rail traction motor control, based on a relative simple and
low-cost hybrid DSP-FPGA structure. The rest of this paper
is organized as follows. Section II presents the basic hybrid
PWM algorithms which are more suitable for the proposed
hybrid structure. Section III provides the hardware implemen-
tation of the hybrid structure, and the programming implemen-
tations in DSP and FPGA. The smooth transitions are discussed
in Section IV. Finally, some simulation and experimental re-
sults are presented in Section V, followed by conclusions in
Section VI.

II. HYBRID PWM ALGORITHMS

As discussed above, considering IGBTSs’ losses, harmonics,
modulation index, etc., a hybrid PWM technique is optimized
choice for a real rail traction induction motor control. In low-
frequency region, the amplitudes of traction induction motor
currents are always high; alow switching frequency is often used
to avoid high losses; and an constant-frequency asynchronous
PWM (APWM) is used to avoid complex calculation and transi-
tions among synchronous PWMs with different N.,. But when
fundamental frequency increases, PWM waveform asymmetry
becomes serious with decreasing N, ; then, a conventional syn-
chronous PWM (CSPWM) with triple and odd N., must be
used to ensure the symmetry of the three-phase current wave-
form, until the linear modulation index is out of its range or
subharmonic components are high [13], where OSPWM must
be used instead.

In this section, the algorithm of different PWMs will be dis-
cussed, then hybrid PWM plan is given for a real electric traction
motor control.
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Fig. 1. Topology of VSI for electric rail traction.

A. Asynchronous THIPWM Algorithm

For high N., modulation, conventional SVPWM (CSVPWM)
is the most popular modulation technique for three-phase VSIs,
for its combined objective of higher dc bus utilization and lower
total harmonic distortion (THD) [7], [8]. But in CSVPWM,
three-phase pulses must be modulated at the same time, which
sometime makes it not flexible enough for smooth transition
where current or torque impact must be avoided. This paper
uses one-fourth third-harmonic injection PWM (THIPWM4) in
a hybrid structure of the motor control system. The THD of
THIPWM4 is quite close to that of CSVPWM, at the cost of
slight reduction of the maximum dc bus utilization [7] that has
negligible effect in the low-frequency regions with high N,
modulation. Using this method, it is much easier to achieve
smooth transition for three-phase pulses independently, and the
algorithm without triangular calculation is easy for FPGA to
implement [8].

The general voltage source converter for electric rail traction
is shown in Fig. 1.

From the figure, with respect to dc bus negative point N, the
one-fourth third-harmonic injection three-phase voltages vyn
can be derived [7]

UxN = Vg0 + VoN
_ E n 2V, M
2 T

(sin (Wt — 0y + ¢) + 51115“) (1)
where v, is phase voltages with respect to the fictitious dc
center tap 0, V; is dc bus voltage;w is the fundamental angle
frequency, ¢ is the initial phase, J, is the phase shift among
three-phase voltages, which is 0, 2; , 4™ for phases a, b, and c,
respectively;

M is modulation index, which is defined by fundamental peak
phase-to-neutral voltage v}, to the peak voltage (which is 2Vd
[13]) of the square-wave modulation as M = 7wy, /2V;. In the
linear modulation range, the maximum value of M is 0.907 for
THIPWM [13].

In order to implement the modulation algorithm in FPGA
more easily, the three-phase reference modulation voltages vy, «
can be written as

1 1
Uux = 5 (1 + sin (wt — d,) + 1 sin 3wt> . 2)
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Fig. 2. THIPWM schematic for CBPWM.

Uma 18 shown as red wave in Fig. 2 as an example, the
THIPWM4 modulation wave ranges within 0.093—-0.907. Then,
the initial PWM pulse can be produced by active-high compar-
ison as the pink one.

B. Synchronous THIPWM Algorithm

As aforementioned above, synchronous THIPWM is used as
a transition modulation to connect APWM and OSPWM. The
modulation algorithm is quite similar with that of asynchronous
THIPWM, the difference is that synchronous control is based on
fundamental frequency, i.e., the carrier frequency is not constant
but changed according to fundamental frequency and NN.,. Be-
sides, the value of N, must be maintained as a multiple of three
because triple subharmonics are of no concern in isolated neu-
tral load of three-phase converter [13]. The presented technique
uses 15-N, for the synchronous modulation zone.

CSPWM has the continuity criterion of the carrier with that
of APWM, which makes it possible to link up easily with each
other at any phase position, and no additional transition strategy
has to be used.

C. CHMPWM Algorithm

At present, SHEPWM and CHMPWM are the most popu-
lar OSPWMs for the elimination of low-order harmonics, and
SHEPWM technique is much more widely used for applications
in the literature. But SHEPWM has a drawback of boosting
the next higher level harmonics near the eliminated harmonics,
which will cause nonoptimal harmonic loss in a motor where the
root-mean-square (rms) ripple current is emphasized [ 13], which
will also make the smooth transition more difficult (will be dis-
cussed in Section IV). Therefore, CHMPWM is adopted in this
paper to achieve minimum current weighted THD (WTHD;).

The CHMPWM algorithm is based on that of SHEPWM, and
its expression can be deduced from the wave shown in Fig. 3.

The wave has half-wave and quarter-wave symmetry; it has
only odd harmonics with sine components, then the phase-to-N
voltage can be expressed by a Fourier series as [7], [13]

vew = 4+ > et Vi sin(kwt)

, 3
Ve =+20 (1 +25°8 (~1) cos ka7;> ©
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Fig. 3. Phase voltage wave for SHEPWM with K number of angles.

TABLE I
MAIN PARAMETERS OF THE TRACTION INDUCTION MOTOR

Parameters Value
Rated dc bus voltage 1650 V
Rated line voltage of motor 1287 Vims
Rated/maximum stator current of a motor 88/150 A6
Rated power of four traction motors 4 x 160 kW
Rated/maximum stator frequency of motor 84.5/176 Hz

Pole pairs of motor 2
Maximum switching frequency 630 Hz

where k is order of harmonic, K is number of notch angles, «;
is the number i notch angle, V}, is phase voltage peak value of
kth-order harmonic, and +1 and —1 are taken for even and odd
values of K, respectively.

The optimal object of CHMPWM technique is to minimize
the THD of line current, which can be calculated from the phase
voltage divided by the effective leakage impedance of the trac-
tion motor [13]. Furthermore, WTHD;, which is expressed
as a per unit of the fundamental component of line current
[7], is more convenient for the expression. Then, CHMPWM
algorithm can be expressed as

2
min : WTHD; = i\/ZZO_:),m... (%)
st: M=+11+42YK (1) coskay] @
st 0< oy <ag <...<ag <m/2

The notch angles can then be iterated in a computer program
and saved in look-up tables (LUTs) [25]. With K number of
notch angles, the fundamental magnitude can be controlled and
number of K — 1 harmonics can be eliminated. For low-frequency
region, the number of notch angels can be increased to minimize
WTHD;, but the LUT will be unusually large, and much more
logic elements of FPGA will be needed; at the same time, N,
of CSPWM and APWM is high enough to keep good quality
modulation performance. So in this presented implementation,
only 1, 2, 3, 4 are adopted for K.

D. Hybrid PWM Plan

In this study, the proposed modulation strategy for the whole
speed range will be APWM, CSPWM, OSPWM, and square-
wave, on behalf of reducing the THD in motor line current, and
resulting in lower pulsating torque than the individual methods
concerned.

For an electric rail traction system with the main parame-
ters presented in Table I, the proposed hybrid PWM can be
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Fig. 4. Envelopes of VSI variables versus fundamental frequency.

planed as shown in Fig. 4, where the modulation methods (car-
rier frequencies), dc bus voltage V;, rms line voltage Vij(rmy),
and calculated total loss of the converter P, are characterized
versus fundamental frequency.

From Fig. 4, it can be seen that for the whole speed re-
gion, the proposed APWM will transit to square-wave through
15-switch CSPWM (15-CSPWM), and 4-1 notch angles OS-
PWMs (9-CHM to 3-CHM). The line voltage changes by fun-
damental frequency to meet the flux and torque demand, and
finally reaches a maximum level by square-wave (M = 1),
which has minimum switch operations and reduces the effective
motor current and losses. The dc bus voltage changes according
to the requirement of the output line voltage. The modulation
modes are changed not only according to the maximum avail-
able switching frequencies, but also the maximum available
modulation indexes. The total loss is reduced with the decreas-
ing carrier frequency, but when it finally transits to square-wave
mode, the conduction loss is significant and the total loss is
increased.

The proposed hybrid PWM plan has made it possible to keep
good traction motor control in the full speed range, where each
PWM must be characterized by the following requirements:

1) limited peak current to reduce current stress on IGBT;

2) respect the limitation of switching frequencies and rela-
tively low switching frequencies to limit converter losses
and boost maximum available current capacity of IGBT;

3) harmonic content is acceptable;

4) the range of M and notch angle LUTs must meet the
feasibility of PWMs and FPGA resource;

5) smooth transition among different PWMs.

III. HYBRID PWM IMPLEMENTATION IN DSP AND FPGA

A low cost and low power consumption hybrid DSP-FPGA
structure consisting of a DSP and an FPGA is proposed for
the electric rail traction motor control. In the structure, floating
point TMS320F28335 of Delfino series from Texas Instruments
and EP1C12Q240 of Cyclone FPGA series from Intel FPGAs
are used.
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A. Overview of the Implementation

Hybrid PWM implementation includes four parts:

1) parameter calculation;

2) modulation mode (M, ) selector;

3) pulse generator;

4) protector.

The often modified parts 1) and 2) are executed in the DSP,
whilst the repetitive parts 3) and 4) that rarely changed will be
programmed in the FPGA. Then, the proposed hybrid PWM
will be implemented using the pattern shown in Fig. 5.

Parameters of PWM implementation include stator frequency
(fe), initial phase (¢) in deg (°), M, and rotation direction (DIR)
which are calculated from field oriented control (FOC) output
voltages (Uq, U,) and rotor frequency (f,.) from FPGA. These
parameters are also used for M, selection. Two PWM protec-
tion submodules, minimum width (MW) and dead band (DB),
are also used, where the protection conditions can be set by DSP
through two reference times Tpp, 7w - As shown in the figure,
all related parameters are transmitted between the two devices
through dual-port RAM (DPRAM) in FPGA.

B. DSP Implementation

As aforementioned low-cost and easy-handling reason, the
integrated analog to digital converters (ADCs) in DSP are used
for analog sampling and thus FOC algorithm is finished by DSP.
The parameters obtained from the output voltages of FOC can
be expressed as

M=\ U} 40z ) 2

. U

— 360 —4q
o =5 arcthd )

‘f(’| = |fr Jrfs1|

DIR = sign(f.)

where f;) is slip frequency calculated from the FOC algorithm.

There are square (SQRT) and inverse trigonometric (ARC)
function operations, and execution comparison between DSP
and FPGA is presented in Table II.

The operations can be easily handled by using floating point
unit of DSP, and it is fast enough to modify the operations within
each FOC operation cycle. Obviously, too many resources are
need if SQRT or ARC is directly handled in FPGA. CORDIC
or intellectual property (IP) cores can be used for optimization,
but nearly 10% resource of the presented FPGA and much more
complicated method will be required [47], [48], which is hardly
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TABLE II
EXECUTION COMPARISON BETWEEN DSP AND FPGA

DSP C28x FPGA uses pipeline or IP core
Algorithm Max CPU Code Size Max CPU Register LUT
Cycles (Byte) Cycles Number Number
SQRT 28 18 1 0 1120
ARC 50 18 1-2 747 1265
Algorithm N _
™

ISR begin?

Multirate
management

A
FOC time Data
transmission
FOC algorithm ;s
Y
Parameter o M, selection
calculation e state machine

Fig. 6. DSP operation for the hybrid PWM algorithm.

acceptable by the low-cost FPGA, even if the calculation speed
is much higher. As a result, the parameters are calculated in DSP
according to the tradeoff between speed and resources.

Then, arithmetic left shifting is also used to improve the
accuracy of the transmitted analog signals and reduce the burden
of FPGA computing as follows:

fE=\felx2
0 = x2 (6)
M@ = M x 210

where superscript “Q” denotes fixed-point format used in FPGA.

The flowchart of DSP for hybrid PWM is shown in Fig. 6,
where different counters based on 4k-ISR and “switch-case”
statement are used for multirate task management. The param-
eters of hybrid PWM are sent to FPGA immediately to reduce
the delay time after the calculation is completed, but general
data transmission will be processed periodically. M, can then
be selected based on the values of f. and M the state machine
of the selection in DSP is shown in Fig. 7 for acceleration and
deceleration conditions.

In other words, the presented DSP implementation method
considered the low cost of the system architecture and made
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full use of the advantages of DSP, and matched the processing
speed and system control needs. Furthermore, calculating the
parameter in DSP is much more flexible than that in FPGA,
especially during the test period, for it is much easier to modify
DSP programming.

C. FPGA Implementation of Hybrid PWM Pulses

Hybrid PWM implementation in FPGA is shown in Fig. 8§,
where GCLK is 30 MHz global clock input, GRSTn is active
low global reset signal from the power supply management
electronic circuit, and TZn is active low trip zone signals with
“_Dn” from DSP software protection and “_Hn” from hardware
protection.

The module can be divided into four main parts: clocks, com-
munication, pulse generators, and protections. Clocks are gen-
erated by a built-in phase-locked loop (PLL) IP core, where a
150 MHz clock is used for communication, and a 40 MHz clock
is used for the implementation. The communication is based on
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DPRAM, which can be easily implemented by the built-in IP
cores too. This section will mainly describe the pulse generation;
the protections will be discussed in the next section.

1) Position Calculation of Modulation Waves: A global
three-phase position calculation of the modulation waves is
needed for all pulse generators. The positions are defined in deg
to access the LUTs easily, which can be expanded by shifting
left 17 bits. Considering the integrating algorithm by arithmetic
left shift in DSP, the actual clock for position calculation must
be feLkp = forkaom /27 . Then, the basic position calculation
can be modified by combining (6) to fit for FPGA fixed-point
characteristics as

93 = 922 + (360 << 17)fg/fCLK40M

0(?0 = p? << 10 when DIR = 1 or

0% = (360 << 17) + (9?2 << 10) when DIR =0 (7)
0% = 09 — (120 << 17)

09 =09 — (240 << 17)

where the subscript “0” denotes an initial value, and +1 and
—1 are taken for positive (DIR = 1) and negative (DIR = 0)
directions, respectively.

2) CBPWM Generator: A Sine LUT and a carrier wave gen-
erator are the two main parts for CBWPM generation. The
Sine LUT includes 360 numbers of sine values of one period
THIPWM4 wave. It must be noticed that the values of Sine LUT
must cover the modulation index range from O to 1 for the mul-
tiplication calculation between M from DSP and Sine LUT in
FPGA. When looking up the table, the nodes are usually not in-
tegers but between two points, then linear interpolation method
can be used to reduce the error. But the linear interpolation will
bring additional multiplication computing and need more space
of FPGA (shown in Table IV), which should be avoided in the
presented low-cost FPGA with heavy burden. Therefore, LUT
values can be obtained by approximation, and the relative errors
can be reasonably accepted. Then, the output multiplied by M ©
can be written as

A% = M?Sine(int(§9 >> 17)). 8)

Defining the maximum amplitude of the Sine LUT is 10e5,
the equation shows that the maximum value of A%sin will be
A% = (2'9 x 107) when M and the Sine LUT both reach
their peak values.

For the carrier wave generator, the maximum value of the
carrier amplitude A?Mrier must be equal to A%Smmax from the
active-high pulse generation method point of view. Defining
the cumulative step size of the carrier wave generator is h,
and the cumulative clock is foLk.c = forkaom /25, then the

following equation holds

h 50N, 42 ) = A9 9
o foLkaom 57 | = Alrsinmax- 9)
Substituting all the related values yields

he = N, f9. (10)
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TABLE III
CALCULATION PERFORMANCE PARAMETERS OF PWM GENERATION
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TABLE IV
PERFORMANCE COMPARISON OF MAIN ALGORITHMS

Algorithm Control frequency Bit-width Accuracy
divider by
Jerkaonm
Phase positions 128 26 1/217 deg
Sine LUT 128 17 1/10°
Carrier counter 25 28 he /(210 x 10%)
M for CBPWM 128 10 1/210
M for OSPWM 128 7 1/100
CHM LUTs 128 14 1/27 deg

The differences between APWM and CSPWM can be re-
flected through h, such as

h. =500 << 7 for M,, =1, (i.e., APWM) an
he = 15f% for M,, = 2, (i.e., CSPWM)
Then, the CBPWMs for high-side switches are generated by

active-high comparing between A?amer and A%Sin.

3) OSPWM Generator: OSPWM waves have half-wave and
quarter-wave symmetry, so only angles of the first quarter-wave
have to be saved in the offline LUTSs, which are defined by the
format array[K][100] according to the relationship of the notch
angle versus M. Considering the tradeoff between accuracy and
FPGA resource, the notch angles and M will be magnified 128
and 100 times in the LUTs. Then, the output of the LUTSs can

be achieved by
o = array[K][int(100M© >> 10)] € [0, 90 x 27]. (12)

Then, OSPWM pulses can be easily generated by comparing
the notch angle o} and the position calculator output 8 . Giving
the first quarter-wave of 9-CHM as an example, the logic in
FPGA can be written on every rising_edge of fcxp as

69 =09 >> 10;
02 <o : OSPWM, = 1;

P9 < ag : OSPWM,, = 0;
02 < af : OSPWM, = 1;
02 <o : OSPWM, = 0.

Finally, the initial hybrid PWMs for high-side switches are se-
lected by multiplexer switch according to the modulation mode.
And the PWMs for low-side switches can be easily generated
by inverting the high-side pulses.

4) Performance Comparison With Other Options: Main cal-
culation performance parameters including clocks, bit-width,
and accuracy are listed in Table III for convenience. It can be
seen that the accuracy of each parameter is very high, which
will lead to much more precise PWMs than that implemented in
DSP, this is advantageous for different mode transitions which
require successive parameter changes.

For further performance evaluation of PWM generation, a
comparative analysis with other possible options in terms of
resources, accuracy, and computational burden can be summa-
rized in Table IV. The table mainly focuses on the algorithms

Analog Options Proposed shifting Method in [32]
parameters
Usage Easy handle, but calibration A little
comparison requires high consistency. complicated, but
more
independent.
Sine LUT Options Proposed Linear CORDIC
interpolation (17bits) [50]
[49]
One-phase 1320 1320 + 182 1000
resource (LEs)
Relative error ~ 0.0038-0.888  0.0035-0.357 0.0021 [51]
(%)
frax (MHz) 150 150 220
OSPWM Options Proposed offline LUT Online
Generation calculation [52]
Computational low much higher

burden

for analog parameters, sine magnitudes, and OSPWM, which
have the most important impact.

Fixed point is the best choice to reduce the computational
burden of the low-cost FPGA, amongst the possible options for
transferring the floating point analog parameters, such as the
method given in [32]; the proposed shifting method is the eas-
iest way, but high consistency is required for the programming
design of FPGA and DSP. Altera provides an IP core of AL-
TFP_SINCOS for sine algorithm [48], which can be very easily
handled, but its input width is fixed and very high resource is
needed. Sine LUT without linear interpolation is proposed in
this study to avoid the additional resource requirement for mul-
tiplications, where the relative error can be accepted for this
research. But Cordinate Rotation Digital Computer (CORDIC)
algorithm looks better, which can be considered for further op-
timization. High frequency clock and high resolution angles are
the most important items for OSPWM generation. The lowest
OSPWM resolution (%) in this study is at the beginning of 9-
CHM with the value calculated as 100% x 9 x 42/40 MHz
= 0.001%. Saied et al. [52] proposed an artificial neural net-
work online optimization angle calculation method in FPGA
that works well, but the computational burden is quite high.
So this paper uses an offline method and improves the angle
accuracy by 128 times.

D. Pulse Protections in FPGA

Pulse protections include TZ for error or reset trig, DB for
shoot-through protection, and MW for avoiding transient abnor-
mal actions. TZ trig and DB are very common in VSI protec-
tions; this part mainly focuses on the MW protection.

As described in [13], when M approaches 1, the notch and
pulse widths near the center tend to vanish, which is not enough
to complete switching operation. For inductive loads such as
motor, the antiparallel diode of the other side IGBT in the same
leg will have to turn OFF immediately after the not completely
turning-ON, which will cause serious dv/dt and oscillation that
is harmful for IGBT reliability. So, the minimum-width notches
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carrier _max ~ AM /4
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AMsin
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Fig. 9. Minimum width protection logic.

TABLE V
RESOURCES SUMMARY IN FPGA

Device Cyclone EP1C12Q24017

Total logic elements 11 626/12 060 (96%)

PWM generation 8896 (7435)
Speeds calculation 1546
Communication 340
Protections 1272
Total pins 138/173 (80%)
Total PLLs 172 (50%)

or pulses must be avoided. According to the algorithm, MW
protection is more likely to occur in CBPWM generation.

In order to ensure the real-time of the pulse from calculation,
generation to output, MW algorithm is not easy to finish after
DB submodule, it should be carried out during the initial pulse
generation. At the same time, DB time (7Tpp) has to be added
to the MW limit time (7w ) for consideration, where both
times are transmitted from DSP in the unit of ps. Let A,y be
the peak amplitude difference between the carrier wave and the
modulation wave, it can be deduced from Fig. 2 that

Top + Tuw
AMVV - fch(:arrierJnax- (13)
10
Rewriting in the integer form of FPGA yields
Top + Tuw N, f9
AI?’IV\' = f girricr,max' (14)

10° 27
Then, the following logic shown in Fig. 9 is used to modify
the comparison input for the CBPWM generation.

E. FPGA Resource Usage Summary

The FPGA resource usage of the proposed control system in
this paper is summarized in Table V according to Quartus II.
It shows that PWM generation uses most of the resources, as
there are several high resolution LUTs in it, which may be
implemented in the ROM for future optimization. The speed
calculations (without division or multiplication algorithms) and
system protections use nearly the rest of the resources.

IV. SMOOTH TRANSITION DISCUSSION

Hybrid PWM technique needs to transit between different
modulation modes; the carrier ratio decreases with the gradually
increasing frequency when traction accelerates, and vice versa.
The carrier ratio’s significant change will affect the precise phase
control of the PWM output voltage. In addition, the dead time
and microprocessor digital control error can also easily lead to
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the phase deviation of the inverter between the actual output
voltage and the reference voltage. All these factors will cause
the traction motor current and torque shock in the transition [53].

In this section, the general transition rules will be given
first, then more discussion on transitions, including transition
methods, performance comparisons between a single DSP and
the proposed structure, SHEPWM and CHMPWM, will be
presented.

A. General Rules of Smooth Transition

In order to keep the stability of motor currents and torques,
when transiting between different PWM modulation modes, the
following aspects need to be considered to keep the succession
of PWMs from slow speeds to square-wave.

First, try to keep the fundamental succession, including
smooth changes of phase and amplitude. Fundamental succes-
sion depends mainly on the accuracy of switching angle and
control algorithm.

Then, the impact of harmonics cannot be ignored. Harmonic
phases are not guaranteed to be continuous in different modes
of switching, because the harmonic content is different for each
mode, and phase mutations are inevitable. So the transition
should avoid too large overall harmonic mutation, in order not
to cause the harmonic current impact.

Finally, hysteresis must be included at each transition so that
the system does not cycle continuously between two different
modulation modes at a certain speed. In the proposed strategy,
a hysteresis of 0.5 Hz is used.

B. More Discussion on Smooth Transition

There are several different transitions for the hybrid PWM in
the whole speed range. The first transition occurs between two
CBPWMs of APWM and CSPWM, where the carrier frequen-
cies are nearly similar and M is continuous, which make it easy
to achieve smooth transition. The transition will also become
very easy when it happens between three-pulse OSPWM and
square-wave [11], as the angle of the three-pulse OSPWM will
decrease to zero according to the increasing M, which is square-
wave. The motor currents and torque can be kept stable during
this transition.

But the fundamental succession and harmonic impact become
more significant when the transitions occur between CSPWM
and OSPWM, or inside OSPWMs, especially when only a single
MCU or DSP is used or SHEPWM is used for OSPWM.

1) Transition Comparison Between a Single DSP and the
Proposed Structure: The fundamental succession relies on high
precision OSPWMs, to achieve which there are two methods in
a single DSP.

The first one uses forced pulse levels through general 10s
based on relatively much higher frequency interrupt. This
method does not need complex calculation, but it will easily
cause time conflict between different tasks as presented in [41].
Take the transition point from 15-CSPWM to 9-OSPWM as an
example, where the fundamental frequency equals 42 Hz. For
the switching angle accuracy of 0.01°, a fundamental period
requires to count 36 000 (360/0.01) times, which means that the
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DSP timer interrupt frequency needs to be 1512 kHz (36 000
% 42). The frequency will become much higher when the fun-
damental frequency increases. In fact, it is nearly impossible to
realize so high frequency in DSPs, which makes the accuracy of
OSPWMs to be reduced. But the modulation does not depend
on the instantaneous voltage or current, so it is possible to solve
the problem that all the parameters can be precalculated based
on the last higher level control algorithm ISR and scheduled
using the PWM module.

Wei et al. [11] presented another easier idea to generate OS-
PWMs through PWM modules of a DSP, where continuous
up/down counter is used and the compare values are calculated
and reloaded according to the switching angles in each sample
period. By this way, very high frequency interrupt is not needed,
and time conflicts will not occur, but there are still some draw-
backs as follows:

1) The pulse level can only be modified one time in each
sample period, which means the difference of every two
adjacent switching angles must be larger than the period.
For example, if the angle difference is less than 5° for the
fundamental frequency of 50 Hz, the sample frequency
must be not less than 3.6 kHz (27 * 50/(57/180)). In order
to avoid this conflict, higher sample frequency is needed
or minimum angle difference must be limited. Both will
affect the control performance of the DSP. The problems
can be solved by separating pre-emptible sampling ISR
and PWM update ISR, and a better solution is provided
by TI’s new version DSPs.

2) The compare values and comparison modes are reloaded
in each sample interrupt; it may cause some angle error if
the pulse level happens to change in the period or under-
flow point of the time counter.

3) The OSPWMs are still generated based on the PWM mod-
ules built-in the DSP, which means the accuracy of the
OSPWM is still dependent on the accuracy of the PWM
modules.

The above-mentioned reasons will weaken the succession of
the fundamental amplitude and harmonic optimization effect,
even cause additional problem in transition. Then, more com-
plicated transition methods have to be taken into account for
transitions between CSPWM and OSPWM, or inside OSPWMs.

But in the proposed structure, DSP is just used for modulation
mode selection, much higher frequency and parallel processing
FPGA can easily solve these problems, which makes the transi-
tion more easy to control. The later simulation and experimental
results validate this merit.

2) Transition Comparison Between SHEPWM and CHM-
PWM: When transitions are taken for SHEPWMs, fundamental
succession is not enough and harmonic impact affects more sig-
nificantly. The transitions are better to be processed at phase
positions of 7/2 and 37/2, where theoretically the current
harmonics are zero according to the calculations in [11] and
[53]. Otherwise, the low harmonic mutations will cause serious
current and torque vibrations when transiting from CSPWM
to OSPWM, or inside OSPWMs, which can be seen from the
simulation results shown in Fig. 10.
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Fig. 10. Transition vibration simulation for SHEPW. (a) 15-CSPWM to

7-OSPWM. (b) 7-OSPWM to 5-OSPWM.

More simulation of SHEPWM and CHMPWM are done for
comparison, and the harmonic spectrum of 9-OSPWM and
7-OSPWM is shown in Fig. 11 as an example to explain the
different harmonic impacts for transition. It can be seen from
the figures that though the THD differences from 9-OSPWM
to 7-OSPWM of SHEPWM and CHMPWM are quite similar
(both are 10%), SHEPWM has a serious harmonic mutation of
11th order harmonic, which easily cause current vibration. But
CHMPWM aims to realize the optimization of the total current
harmonics. Although it cannot completely eliminate some cur-
rent harmonics, the whole harmonic content distribution is even,
which results in no significant sudden change of the harmonics
in the process of transitions.

In other words, CHMPWM can easily realize the smooth
transition when combining the high precision PWM generator
in FPGA with its harmonic characteristics, without complicated
software process in a single DSP and strict harmonic phase or
amplitude control that is used for SHEPWM.
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Fig. 11. Different harmonic examples for SHEPWM and CHMPWM.
(a) 9-SHE to 7-SHE (b) 9-CHM to 7-CHM.

V. SIMULATION AND EXPERIMENTAL VALIDATION

In this section, the proposed hybrid PWM technique will be
validated through simulations and experiments based on test-rig.
The Quartus II and MATLAB/Simulink are chosen to simulate
the performance of the proposed hybrid PWM. A real electric
rail traction system of parameters presented in Table L is selected
in the simulation and the experiment.

A. Simulation Analysis

Quartus IT software is easily used to validate the basic function
of pulse generation in FPGA. Here, only the proposed hybrid
PWM technique in MATLAB/Simulink is given as an example
shown in Fig. 12. It can be seen that there is no obvious current
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Fig. 12. Hybrid PWM transition examples: (a) 15-CSPWM to 9-CHM and

(b) 5-CHM to 3-CHM.

and torque oscillation, that is to say: the PWMs clearly succeed
each other when it is used for the traction motor control.

B. Experimental Analysis

Experimental results were taken from two different test rigs:
static test rig and rolling test rig. The former was fixed in the
test lab to validate the basic performance of the electric trac-
tion system, and the latter was used to validate the dynamic
performance in the whole frequency region with full electric
rail vehicle logic, where the traction system has been fixed in
the vehicle, and the rolling wheels driven by converter—motor
system are used as loads. The static test rig is shown in Fig. 13.

The transition and harmonic test results in the static test rig
are shown in Fig. 14, where transition from 15-CSPWM to
9-CHM is given as an example, no current or dc voltage os-
cillation occurred. The harmonic spectra indicate that low sub-
harmonics are not fully eliminated by CHMPWM as that in
SHEPWM. It is also seen from the current THD comparison be-
tween CHMPWM and SHEPWM in the OSPWM region shown
in Fig. 15.

It can be seen from Fig. 15 that the CHM optimization effect
is significant when the number of notch angle is relatively high,
i.e., the THD of 9-CHM and 7-CHM is about 10% lower than
that of SHE with the same modulation ratio. But when the
number of notch angle is small, the optimization effect is limited:
5-CHM has only about 3% lower rate, and 3-CHM has exactly
the same rate with that of SHE. Because in the three-pulse



3286

Fig. 13.  Static test rigs.
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Fig. 14.  (a) Current transition from 15-CSPWM to 9-CHM and (b) harmonic
spectrum of 9-CHM.

mode, both have only one notch angle, which can only meet the
constraint of modulation index, but cannot achieve harmonic
optimization.

In the rolling test rig, three-phase current waveform of real
vehicle traction system under acceleration and deceleration is
shown in Fig. 16, where the zoom-in details of positive transi-
tions are also given in the subfigures. It can be seen that all tran-
sitions can ensure a smooth transition of motor currents without
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any significant impact, which ensure the smooth transition of
the torque and operational stability.

VI. CONCLUSION

This paper proposes a much easier DSP-FPGA-based im-
plementation method of the hybrid PWM scheme for electric
traction motor control. The overview of the compact, low-cost,
and low-power control platform is described. By fully utilizing
the advantages and resources of each processor, high-precision
hybrid PWMs are implemented whereas satisfying the multirate
and multitask processing of the traction control. The implemen-
tation methods of the presented hybrid PWM technique, where
asynchronous and synchronous THIPWM4, CHMPWMs are
used for transiting from low-speed to square-wave, are dis-
cussed in detail, including algorithms between the two pro-
cessors, smooth transition, etc. From the simulation results of
Quartus II and MATLAB/Simulink, and experimental results
of static and rolling test rigs, it can be seen that through the
proposed technique, PWM generation with high accuracy, low
usage of resources, and computational burden in FPGA is well
implemented, and the merits of low losses, low total harmonics
based on very low switching frequency are achieved, which help
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to improve the performance of the motor control and increase
the system reliability.
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