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Strategy and Implementation of Harmonic-Reduced
Synchronized SVPWM for High-Power Traction
Machine Drives

Lifan Xiao
Junhua Chen

Abstract—High-power traction systems usually operate under
low-switching-frequency conditions to avoid high switching losses.
Synchronized space vector pulsewidth modulation (synchronized
SVPWM) is an effective modulation method in low-switching-
frequency modulation for its balanced harmonic performance and
implementation complexity. A number of pulse pattern patterns in
synchronized SVPWM are developed for application with different
frequency ratios. In this article, the authors systematically ana-
lyzed the performance of pulse pattern and developed a harmonic-
reduced pulse pattern selection strategy considering the influence
of the modulation index. An implementation of synchronization
SVPWM with strong universality is proposed, which includes
a phase-locked loop (PLL) based synchronization method and
pulse pattern transition strategy. The transition strategy can han-
dle the transition for special-vector-sequence pulse patterns and
over-modulation operation. The harmonic-reduced synchronized
SVPWM strategy and its implementation are verified through
simulations and experiments.

Index Terms—Harmonic analysis, high-power motor drives, low
switching frequency, over-modulation, synchronized SVPWM.

NOMENCLATURE
fr Modulation reference frequency.
fswos fsw Original and actual switching frequency.
N, P Frequency ratio and pulse number.
P(N, Ir/i_) Identifier of pulse pattern.
m Length of space vector (normalized by 2V, /3).
MI Modulation index (normalized by Vg /2).
ef Frequency measurement error.
Ts0,T5s Original and actual sampling period.
©Ous Ol Original and transformed space vector phase.
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oL Phase error of PLL synchronization.

©vd Phase delay of the modulation.

We Angular frequency of modulation reference.
kp,—p, Compensation factor of transition from pulse pat-

tern P to pulse pattern Ps.

I. INTRODUCTION

N HIGH-POWER machine drives, the switching frequency
I of inverters is usually restrained for lowering the switch-
ing loss [1]-[5]. For example, the switching frequency of the
530 kVA inverter on high-speed railway CRHIA is restricted
to 1 kHz, and the electric locomotive HXD3 equips 1.2 MVA
inverters with only 500 Hz switching frequency, but the fre-
quency of these machines can reach up to 200 Hz [6]. Ex-
cessive switching loss will result in overheating of the IGBT
modules. As an example, the loss and the maximum allowed
heatsink temperature of high-power IGBT modules is shown in
Fig. 1 [7], [8]. On IGBT module FZ1500R33HE3, when the
switching frequency is 2 kHz, the loss on a single IGBT module
reaches 5.38 kW, and the cooling system need to control the
temperature of the heatsink under 60 °C. It is a heavy burden for
the cooling system so that using lower switching frequency is
necessary. However, in such low-switching-frequency circum-
stances, conventional PWM methods generate high harmonics
and sub-harmonics [9], and the harmonics result in extra loss
and vibrations [10], [11]. Both Permanent Magnet Synchronous
Machines (PMSMs) and Induction Machines (IMs) face the
same problem in low-switching-frequency operation.

Lots of research has been conducted in different aspects to
ameliorate the performance of Pulse Width Modulation (PWM)
methods under low-frequency-ratio conditions. In the first as-
pect, researchers try to improve the existing modulation meth-
ods and develop new modulation methods. The synchronized
SVPWM synchronizes the modulation reference with the car-
rier and successfully reduces harmonics [9], [12]. In [13], the
over-modulation strategy of synchronized sinusoidal pulsewidth
modulation (SPWM) is proposed. Moreover, the specified har-
monic elimination pulsewidth modulation (SHE-PWM) uses a
mathematical method to calculate switching angles for canceling
specified-order harmonics [14]. Optimal PWM is similar to
SHE-PWM, but the switching angles are solved for minimizing
current THD or copper loss of machines [15], [16].
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Fig. 1. Loss and the maximum allowed heatsink temperature of the IGBT
modules. The loss is calculated with Collector-Emitter Voltage Vcg = 1800 V,
Junction Temperature 7} = 125 °C, and sinusoidal phase current with ampli-
tude Ipnase = 1200 A.

The research in the second aspect focuses on the implemen-
tation and application of the modulation methods. Zhang et al.
[17] optimize the current harmonics considering the saliency of
IPMSM for metro traction application with the idea of optimal
PWM. Lago et al. in [18] give general principles of optimal
PWM in multi-level inverters. Diao et al. [19] realize a hy-
brid PWM strategy which combines synchronized SVPWM,
SHE-PWM, and optimal PWM in a DSP-FPGA-based platform.
In [13], [20], [21], researchers focus on realizing the fast-
dynamic current-closed-loop control of high-power machines
with low-switching-frequency modulation methods.

In high-power traction applications, e.g., locomotives, a fast-
dynamic control can help to improve the punctuality, realize
exact designated stop and crewless operation. Although opti-
mal PWM can provide the best harmonic performance, it is
based on the steady-state operation. Applying optimal PWM
in field-oriented-control (FOC) drives requires a compensa-
tion for canceling dynamic modulation error, which increases
the complexity of the system [20]. Another way of realizing
fast-dynamic FOC with optimal PWM is by using trajectory
control or predictive control [22]-[24]. Predictive controllers
have the advantage of fast response, but it bears a much more
substantial computational burden. Synchronized SVPWM has
balanced performance and implementation complexity and does
not generate dynamic modulation error when it is used with
a conventional FOC controller. The only concern is that syn-
chronized SVPWM has variable sampling frequency so that
the stability and the performance of the current controller
should be checked under different discretization frequencies.
In this article, the authors select synchronized SVPWM as
the research objective and try to improve its performance and
implementation.

Synchronized SVPWM is first proposed by Narayanan et al.
in [9], [12]. Researchers have added additional pulse patterns and
an over-modulation strategy of synchronized SVPWM in [25],
[26]. In early research, synchronized SVPWM is only applied
in constant V/f control. The main problems of the application
synchronized SVPWM in FOC drives are the realization of
synchronization and the transition of pulse patterns. Different
from V/f control conditions, the voltage command in FOC
drives is not stable, which affects the realization of synchronized
SVPWM. In [27], synchronized SVPWM is realized by adjust-
ing the sampling period through a dead-beat controller. In [13],
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researchers implement the synchronized SPWM using FPGA.
This implementation is based on the comparison between the
sinusoidal reference and the triangle carrier so that only pulse
patterns with frequency ratio 3k(k = 1,3,5 .. .) can be realized,
while there are other pulse patterns available.

High-power traction machines on locomotives will work in
a wide speed range. Hence different pulse patterns of syn-
chronized SVPWM should be applied. In [12], the researchers
compared the performance of different pulse patterns in syn-
chronized SVPWM and gave guidance on how to select pulse
patterns with the best harmonic performance. However, in the
later research, the pulse pattern selection did not follow the
guidance [13], [21]. The authors think the reason might be that
implementing kinds of pulse patterns increases the complexity of
the system. In this article, the authors comprehensively consider
the harmonic performance and develop the harmonic-reduced
pulse patterns selection strategy according to the frequency ratio
and the modulation index. A high-universality implementation
of synchronized SVPWM is developed, which makes realizing
the pulse pattern selection strategy have little effect on the
complexity of the system.

The primary contribution of this article is that the authors
provide a complete solution of synchronized SVPWM, which
includes the over-modulation strategy, the pulse pattern se-
lection strategy, and the complete implementation synchro-
nized SVPWM. In the implementation, a flexible PLL-based
synchronization method is developed, and a universal pulse
pattern transition strategy considering special-vector-sequence
pulse patterns and over-modulation operation is proposed.
The proposed synchronized SVPWM strategy and implementa-
tion can collaborate with fast-dynamic FOC current controllers.
The effectiveness of the proposed method is verified through
simulations and experiments.

II. PRINCIPLES OF SYNCHRONIZED SVPWM INCLUDING
OVER-MODULATION

In this section, the principles and classification of synchro-
nized SVPWM are discussed, and an over-modulation strategy is
proposed. An essential characteristic of SVPWM is the ratio, IV,
between the original switching frequency, fswo, and the reference
frequency, f,.. N defines the duration of the space vector and the
number of space vectors in one reference period. The original
switching frequency, fswo, means no strategy like bus-clamping
that will change the switching frequency is employed

_ f sw0
fr
Some strategies like the bus-clamping PWM (also known
as discontinuous PWM, DPWM) can reduce actual switching
frequency, fiw. The ratio between f, and f,. is named pulse
number P and is written as

N

ey

_

fr

In SVPWM, V; — Vs represent the six active vectors, and V[

and V7 represent two zero vectors. Two types of space vectors in

asymmetric sampling are rising-vector with sequence VoV, V,, V7
and falling-vector with sequence V7V, V, ;.

P @)
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Fig.2.  Example of space vector distribution of pulse pattern (P = 9, N = 9)
in Mode I. Red solid arrows are rising-vectors and blue dashed arrows are falling-
vectors.

A. Classification of Synchronized SVPWM

Synchronized SVPWM is a method to improve the perfor-
mance of SVPWM in low-frequency-ratio conditions. In [9],
the general idea of synchronized SVPWM is proposed. A fun-
damental requirement of synchronized SVPWM is keeping the
symmetries of the voltage waveform. The symmetries include
three-phase symmetry (TPS), half-wave symmetry (HWS), and
quad-wave symmetry (QWS). The pulse patterns of synchro-
nized SVPWM can be classified into three modes. In all modes,
the distribution of vectors is symmetric to the angular-bisector
of sectors.

Mode I is the synchronized conventional SVPWM. In this
mode, no bus-clamping strategy is employed, and the posi-
tions of rising-vectors and falling-vectors can be exchanged.
Hence, there are two pulse pattern realizations for a certain
pulse number. An example of the space vector distribution and
the corresponding phase voltage waveform with pulse pattern
(P=9,N =09) is illustrated in Fig. 2. Rising-vectors and
falling-vectors are highlighted by different line types.

Mode 1I is the synchronized bus-clamping SVPWM, which
uses DPWM to reduce the switching frequency. In bus-
clamping regions, the vector sequence is V, V, V7 /V;7V,V, or
VoVaVy / ViV, Vo. The type of bus-clamping region needs to be
changed every 60° to keep symmetry. Vectors on the edges of the
bus-clamping regions are unclamped vectors which are modu-
lated by traditional vector sequence like Vo V.V, V7. An example
of modulation in Mode II with pulse pattern (P = 7, N = 9) is
shown in Fig. 3.

Mode III is the synchronized bus-clamping SVPWM with
special vector sequence. Distinct from Modes I and II, there are
vectors aligned with the six active vectors, which are named
boundary vectors. The boundary vectors are modulated using
special sequences VoV, V or V7V, V7. Therefore, at least one
phase should switch twice in a sampling period. In avoiding extra
switches, the vectors aligned with V7, V5, V5 must be clamped
to the negative bus, and vectors aligned with V5, V4, V5 must be
clamped to the positive bus. An example of this mode for pulse
pattern (P =5, N = 6) is illustrated in Fig. 4. The boundary
vectors are marked with dot lines.
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Fig.3. Example of space vector distribution of pulse pattern (P =7, N = 9)
in Mode II. The type of bus-clamping changes every 7 /3 to keep symmetry of
the bus-clamping region.
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Fig.4. Example of space vector distribution of pulse pattern (P = 5, N = 6)
in Mode III. The doted arrows are the boundary vectors.

TABLE 1
AVAILABLE PULSE PATTERNS

Mode 1 Mode II Mode III
3(3,14)/3(3, 1)) 7(9,117) 5(6, 111,
9(9,14)/9(9,1}) 11(15,107)  13(18, 101}

15(15,1;)/15(15,1;)  15(21,11)
21(21,11)/21(21,1))  19(27,11)

is used to distinguish different pulse patterns in the three modes.
The superscript and subscript are defined as follows.

1) Superscript +/— of mode:

a) + indicate that the modulation is clamped to the posi-
tive bus in phase range [—7/6, 7/6];

b) — indicate that the modulation is clamped to the neg-
ative bus in phase range [—7/6, 7/6].

2) Subscript 1 / | of mode:

a) 1 indicate that the pulse pattern start with a rising-
vector in sector I;

b) | indicate that the pulse pattern start with a falling-
vector in sector 1.

For Mode I, there is no bus-clamping strategy. Therefore, the
upper script is omitted. For Mode 11, 1 / | represents the first
edge of the boundary vector aligned with V. The available pulse
patterns of Modes I, II, and III are listed in Table 1.
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0.866 <m <1
Over-modulation
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Fig. 5. Illustration of over-modulation. Vectors which are not the angular
bisectors are shifted in the over-modulation region.

B. Over-Modulation of Synchronized SVPWM

For maximizing the utilization of bus voltage, the inverter
will work in the over-modulation region. The over-modulation
strategy proposed in [28] does not accommodate to low-
frequency-ratio cases. In this article, a universal over-
modulation strategy for all pulse patterns of synchronized
SVPWM is adopted.

The over-modulation strategy is illustrated in Fig. 5 with pulse
pattern 9(9,1). The length of the reference vector is defined as
m which is also the radius of the reference trajectory circle. In
the linear-modulation region that m < 0.866, all vectors keep
unchanged. When 0.866 < m < 1, the vectors which exceed
the hexagon but are not on the angular-bisectors are moved
to the intersection points. The lengths of the vectors on the
angular-bisectors are reduced to 0.866 while the phases re-
main unchanged. Whenm = 1, the non-angular-bisector vectors
are aligned with the six active vectors, and the synchronized
SVPWM generates waveforms that are identical to six-step
modulation waveforms. Therefore the modulation index (MI)
reaches 1.27.

III. PULSE PATTERN SELECTION STRATEGY BASED ON
PERFORMANCE EVALUATION

The proposed pulse pattern selection strategy is based on
the performance evaluations of pulse patterns. MI and har-
monic performance of a pulse pattern are evaluated through
Fourier Analysis. The amplitude of the nth order harmonic is
calculated by

1 2w )
U, = —/ ug(p)e 7™ dpl,n=0,1,2,..., (4
0

™

in which u, is the phase voltage. When n = 1, U; is the ampli-
tude of the fundamental component which decides MI.

To reveal the absolute amplitude of the harmonic, Dc-Voltage-
Normalized Weighted Total Harmonic Distortion (WTHDO) is
used as the criteria for harmonic performance. The WTHDO can
be calculated by

\/2737,0:2 #UE,H#i&k’k’: 1,273
WTHDO = - (5)
5‘/;](:

in which U, is the amplitude of the nth order voltage harmonic.
The 3k order harmonics are not included in the calculation
because the TPS cancels all these harmonics in line voltage.
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Fig. 6. Modulation index of different pulse patterns including the over-

modulation region.

A. Modulation Index

Under low-frequency-ratio conditions, MI of synchronized
SVPWM is different from conventional SVPWM. The rela-
tionship between the m and MI is revealed in Fig. 6. In the
linear-modulation region that m < 0.866, the maximum MI of
3(3,Ly), 5(6,IIIT’), and the others is 1.273, 1.186, and 1.153,
respectively. Hence, for 3(3, I} ), with the increase of m, the mod-
ulation can naturally transit to six-step modulation. Other pulse
patterns reach higher MI through the over-modulation strategy.
For pulse patterns in which the vector located at ¢ = 90° is
a rising vector, the maximum modulation index cannot reach
1.27. Hence, 9(9,1;) should be adopted instead of 9(9,1;) in
the over-modulation region. For pule patterns that P > 15, this
phenomenon is unapparent.

The non-linear relationship between m and MI can be linearly
approximated. In the linear-modulation region that m < 0.866,
the relationship is

1.470m, P =3(3,1)

MI ~ { 1.370m, P =5(6,1I;) (6)

1.331m, others

and in the over-modulation region that 0.866 < m < 1, the
relationship is

1.273,

P=3(31L)
1.186 + 0.649(m — 0.866), P =5

MI ~ (6,11Ly)  (7)

1.153 4 0.897(m — 0.866), others.

It should be noticed that (7) does not cover 9(9, I1) and 7(9, IL").

B. Harmonic Performance

The harmonic performance of pulse patterns is compared in
Fig. 7. For the pulse patterns that have the same pulse number,
the difference in harmonic performance is not significant except
for 3(3,1;) and 3(3,1;). The pulse pattern 3(3,1;) has better
harmonic performance and is included in this figure. Different
from the general idea that pulse pattern with a higher pulse
number generates lower harmonics, the harmonic performance
is also related to MI. For example, 15(21, II;r ) provides better
harmonic performance under high modulation index conditions,
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and 15(15, I+) provides better harmonic performance under low
modulation index conditions.

C. Strategy of Pulse Pattern Selection

Based on the above discussion on modulation index and
harmonic performance, a strategy that selects the pulse pattern
according to machine frequency and MI can be built. The strat-
egy can lower harmonic distortion of synchronized SVPWM.
The procedure of pulse pattern selection is illustrated in Fig. 8,
and the results are shown in Fig. 9. In Fig. 8, the maximum
allowed pulse number is represented by P.x Which satisfies

Prax < j23fmx,1%mu €{3,5,7,9,11,13,15,19,21}  (8)

and P« (N) represents the pulse pattern whose pulse num-
ber equals Pp.x. Although 7(9, iy ) provides better harmonic
performance than 9(9,1;) and 5(6,11L;") in a part of the over-
modulation region, the section in MI is too narrow to apply
a different pulse pattern. Hence, the pulse pattern 7(9, I ) is
deprecated.
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proposed pulse pattern selection strategy.
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Fig. 10.  Comparison of WTHDO between synchronized SVPWM pulse pat-
terns and Optimal PWM pulse patterns. The solid lines are the WTHDO of
synchronized SVPWM and the dashed lines represent the WTHDO of Optimal
PWM.

D. Performance Comparison With Optimal PWM

Optimal PWM is a technique that minimizes the harmonic
distortion of low-frequency-ratio operation. The performance
comparison of synchronized SVPWM and optimal PWM is
demonstrated in Fig. 10. As an optimal method, optimal PWM
provides the least harmonic distortion. However, the harmonic-
reduced pulse pattern selection strategy narrows the perfor-
mance gap between synchronized SVPWM and optimal PWM
due to the usage of 5(6, 110y ), compared with the synchronized
SVPWM strategy adopted in other research [13], [21]. Besides,
the biggest advantage of synchronized SVPWM over optimal
PWM is the balance between harmonic performance and imple-
mentation complexity. Although optimal PWM in flux trajectory
control or predictive control can provide better performance than
synchronized SVPWM, the implementation of the controller is
much more complex than synchronized SVPWM based FOC
controller [20], [24]. Applying optimal PWM in FOC controller
will face difficulties like the dynamic modulation error and the
fundamental current extraction, while synchronized SVPWM
does not have these difficulties.

IV. IMPLEMENTATION OF SYNCHRONIZED SVPWM FOR
MACHINE DRIVES USING PLL

Synchronized SVPWM has already been adopted in ma-
chine control systems, like the constant V/f control of induc-
tion machines. However, for the control approaches with fast
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Fig. 11.  Synchronization process of the modulation. The sampling period is
adjusted from Tso to 77 in the kth sampling period.

dynamics like FOC, the output of the current controller may
change rapidly. The traditional implementation of synchronized
SVPWM could not track a fast dynamic input. Besides, synchro-
nization should not bring modulation errors that could affect the
performance of the current controller.

In this section, an implementation of synchronized SVPWM
using PLL is developed for FOC machine drives. This im-
plementation is based on authors’ previous research in [29],
but can synchronize pulse patterns in Mode III. The proposed
implementation uses a PLL to synchronize the sampling with the
reference. Compared with other implementations of synchro-
nized SVPWM in [13], [21], the PLL-based implementation is
more universal, which covers more pulse patterns and is more
flexible to work under different conditions.

A. Design of the Synchronization With PLL

The PLL works by comparing the sampled voltage space
vector phase with the synchronized vector phase and adjust-
ing the sampling period to control the phase of the following
sampled vector. The adjustment is on the base of the sampling
frequency which is calculated by N and f,. In Figs. 2-4, every
synchronized vector has a fixed phase. This relationship can be
simplified using the phase mapping

¢l = Mod(N ¢,, 2T) 9)

in which ¢, is the vector phase, and Mod(x, ) is the function
to calculate the remainder of x/y. With (9), it is possible to
uniformly handle the same type of vectors with different phases.
For example, in 9(9,1;), the desired phase of a rising vector
is (g, = —10° + 17 x 40°,i = 1,2, 3,...), and the transformed
phase of a rising-vector will be ¢! = 270°. Accordingly, the
transformed phase of a falling-vector will be ¢/, = 90°. Hence,
we only need to handle the transformed phase without consider-
ing the actual phase of a vector. For pulse patterns in Mode 111,
!, of synchronized vectors is 0° and 180°.

The synchronization process of 9(9, 1) is depicted in Fig. 11.
The sampling period is adjusted according to the phase error
. between the desired vector phase ¢} and the transformed
sampled vector phase ¢! . The modulation reference frequency
fr is assumed a constant. The frequency ratio is N so that the
ideal sampling frequency is 2V f,.. At the kth sampling, the
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' ®
[ Pe {1 N N 1
z 1+e; z
_ e/
Fig. 12.  Block diagram of the PLL implemented in z domain.

transformed vector phase is ¢/, (k). It is reasonable to suppose
that the frequency measurement error e exists. Therefore, the
actual sampling frequency is 2N f,.(1 + ey). ¢ (k) is assumed
270° at this sampling moment and will be 90° at the next
sampling moment. The sampling period adjustment is At (k)
so that the kth sampling period becomes

1+ Aty (k)

Ty(k) = Too(1 + Atpy(k)) = INF (L+eg)

S

(10)

in which Ty is the unadjusted sampling period. The difference
between ¢F and ¢/, at sampling k is

pu(k) = @y (k) — ¢, (k) = 270° — ¢, (k).

At the (k + 1) sampling, the transformed vector phase
becomes

an

@y (k+1) = ¢, (k) + 360" xTs (k)N f;
180°(1 + Aty (k)

= (k 12
ou(k) + Ty (12)
Hence, the phase error becomes
Pk +1) =@k +1) — @, (k+1)
180°(Atpu(k) — ef)
=270° — ¢ (k) — £ . (13
oo (k) T+e, (13)

As a result, At,, can control the phase error as well as the
sampled phase of space vectors. A PI controller is put in place
to generate Atp,.

The block diagram of the PLL is shown in Fig. 12. In the
analysis, the frequency measurement error ey is assumed a
constant. The discrete state-space model of the PLL system is

I(k+1) ! —K (k)
AU ) I [ RS2
gpe ef + 1 6f + 1 Soe
Ki 0 (P,*
+ | 7K, T © ] (14)
ef
er+ 1 ef + 1

where ¢ is the reference of the synchronization error which will
always be 0, and K, and K are the gains of the PI controller.
The state of the integrator is represented by I. The stable point
at [—ey, ©’*] means the phase offset ¢/, will track the reference
without steady-state error.
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B. Stability Analysis and PLL Gain Design

When the frequency measurement error, ey, is regarded as a
constant, the PLL is a discrete linear system, and the distribution
of the system poles determines the system’s stability. The system

poles can be found by solving the characteristic equation
|z2I — G| =0 (15)

in which G is the state transition matrix in (14). The solution of
(15) gives the system poles

:I:\/—47refKi — 47K + w2 K2+ 2ep — wK,, + 2
- 2e; + 2 '

z

(16)
For a stable system, the poles must distribute inside the unit
circle. In order to simplify the stability criteria, the locations
of poles are verified under two different conditions under which
both poles are real and both poles are complex. In the calculation,
the frequency measurement error is usually small so that it is
reasonable to assume —1 < ey < 1. The simplified results give
the stable conditions as well as the range of the PI gains

dey + 4 dey +mK; + 4

2

In practice, higher K, brings faster converge speed, but makes
the PLL more sensitive to interference. Besides, slower adjust-
ment on the sampling period helps reduce the influence of mod-
ulation on the current controller. Hence, it is important to find a
balance in tuning the parameters of PLL under the guidance of
(17). The tunable synchronization speed is an advantage of the
proposed PLL-based synchronization method, which makes the
proposed method appropriate for different conditions.

0< K; < NK; < K < 17

C. Implementation of Synchronized SVPWM

The flowchart demonstrating the implementation of synchro-
nized SVPWM is shown in Fig. 13. The output of the PI
controller affects the next sampling moment as well as the
triggered execution of the synchronization process. Hence, ¢, is

Proposed implementation block diagram of the FOC drive with synchronized SVPWM.

controlled by the output of the PI controller, and a PLL is formed
through this feedback. In the proposed implementation, a tradi-
tional current controller can be used. In this figure, the current
controller is a PI controller with feed-forward decoupling, but
using other current controllers like complex vector controller
is also possible. Retaining the structure of traditional current
control is an advantage of synchronized SVPWM. However, the
current controller is also executed by the trigger, and the trigger
frequency will change in synchronized SVPWM. Hence, the per-
formance of the current controller under different discretization
frequency should be verified. The details of delay compensation
and transition handling will be discussed in the next section.
The dashed arrows only take effect when pulse pattern transition
happens.

V. PULSE PATTERN TRANSITION STRATEGY CONSIDERING
OVER-MODULATION OPERATION

For the application of synchronized SVPWM in variable
frequency drives, the pulse pattern needs to change according
to the electric frequency of machines. In this section, a pulse
pattern transition strategy of synchronized SVPWM is pro-
posed, which can also work in over-modulation operation. The
strategy guarantees a smooth transition between different pulse
patterns. Together with the PLL-based synchronization method,
animplementation of synchronized SVPWM s fully constructed
for fast-dynamic FOC PMSM drives under low-frequency-ratio
conditions.

A. Time Delay Compensation in the Modulation

In the transition of pulse patterns, the modulation time delay
is critical. Delays inevitably exist in digital platforms. Improper
handling of delays will degrade the performance of the machine
control system. In the case of the synchronous frame current reg-
ulator, the time delay is accompanied by the frame rotation [30].

While the rotating speed of the synchronous frame can be
regarded as a constant in a short time, the error can be com-
pensated by rotating the reference voltage space vector. The
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delay between the ideal modulation reference and the sampled
one is Ts/2. Due to the limitations of hardware, the sampled
modulation reference can only be output in the next sampling
period, which generates a delay with the duration 7. Hence,
the length of the total delay is 37%/2. In low-frequency-ratio
conditions, the delay will cause a significant phase error. The
phase error can be calculated using N as

3
2N
in which w, is the rotating speed of the synchronous frame.
g should be added to the phase of the sampled modulation
reference to cancel the phase error of the space vector. In the
synchronization of modulation, the compensated space vector
phase should also be used. With the compensation, the phase of
output voltage matches the input of the modulation.

g = 1.5Tsw, = (18)

B. Pulse Pattern Transition Strategy

The pulse pattern transition strategy contains two targets. The
first target is to make sure the modulation keeps synchronized.
The second target is to avoid working point change and dynamics
in transitions.

The first target can be achieved by transition timing. Assuming
that the pulse pattern changes from P;(N;) to Po(N) at sam-
pling k, for keeping the modulation synchronized, the end phase
of P;(N7) must be continuous to the start phase of P»(N2). At
the end of the sampling period k& — 1, the output voltage phase
is

Pend(N1) = @Z(Nl)Jr (19)

™
2N,
in which ¢, is the phase of the synchronized space vector. For
keeping the first vector after the transition is in the synchronized
position, the output voltage phase of sampling k should be

<Pstart(N2) = 90:(]\]2) - (20)

ﬂ'
2Ny’
Hence, to make sure the modulation is synchronous after the
transition, @ena(N1) must equal g (N2), which leads to

™ ™

©p(N2) — @y (N1) = N, + N,

By verifying the vector distribution of pulse patterns, the
transition timing can be divided into three cases.

Case 1: P;(Ny) and Py(N3) are both in modulation Mode I or
II. In this case, the vectors that satisfy (21) exist. Specifically, the
last vector in a sector and the first vector in the next sector always
satisfy (21). The transition process is depicted in Fig. 14. The
delay is considered in the transition. Because of the change in the
sampling period, there is a distinct phase delay compensation at
sampling k, which is

s s

wa(k) = N, + N,

Case 2: P;(Ny)isin Mode I or IT, and P5(N>) is in Mode III.
In this case, no vectors satisfy (21). Hence, the transition timing
should be adjusted. We handle the problem by adding a transition
vector, which is generated by dividing the sampling period of the
boundary vector in Mode III. The transition vector is modulated

ey

(22)
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P =11(15,1I;){P, = 9(9,1,)

Sampling k—1 k  k+l k+2 k+3
[ -24° -12° 0° 20° 40°
0, =0,+p, -6° 10° 30° 50° 70°
— 0, () —
Sampling
Period Counter Spipling
Output = i3
T ———T:—> >
Output Voltage 240 12000 20° 40°

Phase

Fig. 14. Example of pulse pattern transition process from 11(15, IIT’) to
9(9,1)).

P =9(9,1,);P,=5(6,1II;)

Sampling k—1 k k+1 k+2 k+3
Pro -40°  -20° 0° 15° 45°
0, =0,+p, -10° 7.5° 30°  60° 90°
—oa(k —> .
Sampling Palf+1)-> /
Period Counter Fkia"Ou':;ﬁl
t
T, KT T, —> =
Output Voltage 400 200 0° 150 450
Phase

Fig. 15.  Example of pulse pattern transition from 9(9,1;) to 5(6, tiby ). The

vector calculated at the instant k is the transition vector with sampling period
Ts2/2.

in Mode III with the duration of Ty /2. The transition process
also happens when the modulation reference is crossing the
sector boundary, as shown in Fig. 15. In the figure, the transition
vector with ¢, (k) = 7.5° ensures the next space vector is located
on the synchronized position. The specific delay compensation
in the transition is

T s Vs
T k41 = =
N1+4N2’“pd( +1) N,

wa(k) (23)

Case 3: P1(N7) is in Mode III, and P»(Ns) is in Mode I or
II. In this case, the transition is the inverse of the transition in
case 2 and is not discussed in detail.

The second step of pulse pattern transition is to avoid working
point change and dynamics in transitions. The pulse pattern tran-
sition should make the machine change from one steady state to
another without affecting the working point. The same working
point means that the steady-state fundamental current should be
the same. When the stator resistance is ignored, the same steady-
state fundamental current is equal to the same steady-state stator
flux, and analyzing the stator flux is more convenient. To ensure
the machine is in steady-state after pulse pattern transition,
the steady-state actual current of the two pulse pattern at the
transition point should be the same. Similarly, the equal steady-
state actual current can be converted to the equal steady-state
actual stator flux. Hence, the steady-state fundamental flux and
steady-state actual flux of different pulse patterns should be
calculated to ensure the equality.
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Fig. 16.  Flux trajectories of pulse patterns 11(15, lIIT’), 9(9,1)), 5(6, lIIT’)

and 3(3,1;). The endpoint of sampling period is the position of stator flux when
a sampling period ends.

The steady-state fundamental stator flux, ¥syna, is related
to MI. When the stator resistance is ignored, ©sund can be
calculated as

1 .
Peund = / iMI : Vdcejwet dt

1

2jwe

MI - Vgeed“et + Cp. (24)
In steady-state operations, the center of the fundamental flux
trajectory is located at the origin, and the amplitude of ¥¢und,
as well as the radius of the flux trajectory circle, is

1
‘wfund| = EMI . V;lc~ (25)

The steady-state actual stator flux, t),c¢, is different from the
fundamental flux. For P(NNV) in the linear-modulation region,
the steady-state stator flux at the end of every sampling period
forms an N-regular-polygon with the edge length

2
|¢edge| = mngCTs
_ 2
~ 3Nw,

The amplitude of ,c¢ at the vertex of the polygon can be
calculated from the geometric relationship as

mVe. (26)

|'¢’act‘ _ sin (g — ﬁ) 2m

sin (%) SweN

mVyc. (27)

Based on the above calculation, ¥s,nq and ¥act of different
pulse patterns can be plotted as shown in Fig. 16. The transition
points selected in transition timing are specially marked in
this figure. The relationship between |tguna| and |Pact| at
the transition point can be carried out through the modulation

12465
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Original (2

Transition Vector
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Fig. 17.  Flux trajectory of the transition from 5(6, IIIT’) to 3(3,1;).

index property of different pulse patterns in (6) and (7). In the
linear-modulation region, the relationship is

0.950, 3(3,L)
[$act| ) 0.984, 5(6,110) 08)
[Yfund| 1.007, 9(9.1))

1.0, others.

For pulse patterns that P > 9, |¥fund|, and |%act| can be
regarded as the same, which means 1, is naturally continu-
ous at the transition points, and the machine will naturally go
into the steady state after transitions. No adjustment is needed
for the transition between these pulse patterns. However, for the
transition into and out of pulse patterns 3(3,1+) and 5(6, IIL"),
transition vectors need to be adjusted to make sure the machine
steps into the steady state. The adjustment on the transition
vector is exampled in Fig. 17.

The adjustment factor can be calculated by comparing the de-
manded transition vector with the original transition vector. For
the transition from 5(6, I1I") to 3(3,1;), the vector adjustment
factor is

’l,b’

Py

- 0.950|'¢/qund’3|€j2700 — 0.984|'¢fund’5|€j2550
B 0'5|r¢)edge,t’)|€7j7'50

= 1.000e77 74,

ks_3 =

(29)

Other transition factors can be calculated in the same way. In
the linear-modulation region, the transition vector needs to be
adjusted only in these four cases

ks_5 = 1.000e 977+
ko_5 = 1.024¢74:39
ks_o = 1.024¢ 489",

(30)

In the over-modulation region, the relationship between
|fund| and |¥act| is more complicated. Due to the shift of
vectors in the over-modulation region, the vectors in an electric
period no longer form an N-regular-polygon. Hence, (27) cannot
be used to calculate |t)act| in this case. Nevertheless, the flux
trajectory of vectors in each sector is still symmetric, which
can be utilized in the calculation of |1act|, as demonstrated in
Fig. 18. For 9(9,1)), |%act| can be calculated as

[Yact| = [V1Ts + v2Ts + v3T%]| (31
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5(6,11T; )

v, T,

‘9(9,Il)

Fig. 18.  Illustration of the calculation of |tpact | in over-modulation operation.

Argument (°)
J

1.1 1.15 1.2 1.25

Modulation Index (p.u.)

Fig. 19. Transition factor in over-modulation operation.

in which vy, vo, and v3 are the vectors after the adjustment of
the over-modulation strategy. For 5(6, I11,"), the transition point
is not on the axis of symmetry of flux trajectory, hence |[)act|
in this pulse pattern should be calculated as

|’l/)act| = ‘ |0.5’01TS + v T + O.5’U3TS| €_j900

+ 1050, T . (32)

When [t)act| is carried out, the rest step of calculating the
transition factor is similar to linear-modulation occasions. The
transition adjustment should be based on the transition vector af-
ter the over-modulation adjustment. The results of the transition
factor calculation in over-modulation operation are illustrated
in Fig. 19. For the transitions from 3(3,1;) to 5(6,11L;) and
5(6,11L) to 9(9,1;), we only need to use the conjugate of the
plotted transition factors.

C. Implementation of Transition Strategy

The logic to implement the pulse pattern transition strategy
is demonstrated in Fig. 20. The transition strategy works like a
state machine and it moves one step forward in the flowchart in
each time of execution. If the conditions to start the transition are
satisfied, one of the three branches will be executed according
to the current and the next pulse pattern, otherwise, the strategy
loops at the start flag. The conditions to start the transition
include the following.

1) The target pulse pattern is different from the current one.

2) The voltage vector is located at the synchronized position

which is one sampling period before the transition point.
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Fig. 20. Logic to implement the pulse pattern transition strategy.
TABLE II
MACHINE PARAMETERS
Scaled-down Full-scale
P 1
arameter Symbo PM Machine  PM Machine

DC Voltage Vie 200 V 800 V
Rated power Pn 1.5 kW 120 kW
Rated Torque TN 9.6 N-m 760 N - m

Rated Current In 10 A 340 A
Rated frequency N 100 Hz 120 Hz

Number of pole pairs P 5 4

Stator phase resistance Rs 0.273 Q 0.029 Q
Stator d-axis Inductance Lg 2.25 mH 0.96 mH
Stator g-axis Inductance Ls 2.25 mH 1.44 mH

Fig. 21.
platform.

Photos of scaled-down experiment test bench and HIL experiment

In Fig. 20, the four types of actions that change ¢4, change
Ty, set vector type and adjust transition vector are corresponding
to the four outputs of the transition handling block in Fig. 13.

VI. SIMULATIONS AND EXPERIMENTS

Scaled-down experiments and full-scale hardware-in-loop
(HIL) experiments are conducted to verify the effectiveness
of the proposed strategy. The parameters of the two machines
are shown in Table II. The machine drive in the scaled-
down experiment is implemented using a microcontroller TI
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Fig. 22.  Experimental harmonic performance of pulse patterns selected by the proposed strategy and the comparison with traditional strategy.
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Fig. 23.  Experimental results of pulse pattern transition in linear-modulation region. The machine works in torque mode and speed is controlled by the loading
machine.

TMS320F28335, and the HIL experiment is based on dSPACE
DS1007. Fig. 21 contains photographs of the machine test
bench and HIL devices. The machine controller contains a speed
regulator and a current regulator. 74 and i, are outputted by the
controller using a D/A converter.

A. Scaled-Down Simulations and Experiments on
a 1.5-kW PMSM

In the scaled-down simulations and experiments, the tested
machine is not intended for low-switching-frequency operation.
Hence, the current harmonic distortion is relatively high.

Fig. 22 represents the harmonic reduction of the proposed
pulse pattern selection strategy compared with the conventional
one. In this experiment, the proposed strategy replaces the tra-
ditional pulse patterns P = 21,15, 7 (with the subscript cnov)
with pulse patterns P = 19, 13,5 (with the subscript prop) in
specified cases and reaches the current harmonic distortion
reduction in 15.57%, 16.12%, and 4.7%, respectively.

MWWM’W
—

0.39 04 041 0.420.39
time (s)

04 041 042

time (s)

Fig.24. Simulation waveform of pulse pattern transition without the proposed
strategy (left) and with the proposed strategy (right).

Fig. 23 shows the experimental results of pulse pattern tran-
sitions in the linear-modulation region. No current oscillation
occurs in the transition, and the modulation keeps synchronized.
Since the pulse pattern transition without the proposed strategy
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Fig. 25. Results of the current step-change experiments. The machine works in speed control mode.
' /1
<[4, (10 A/div) \_ Vann
L 4,10 4/div) P=9

f. =130 Hz

1 s/div

% G0

= T LTI s
m 0

L 4 ms/div
_remmemnsn A A AAANANAMAA AR S AR A A
. 100 ms/div

T

100 ms/dw

Fig. 26.

will trigger the over-current protection of the test bench, a
detailed transition strategy comparison result is demonstrated
in Fig. 24 with the simulation results. The transition timing and
transition vector adjustment ensure that the machine works in a
steady state after the transition.

The reactions of the controller to current reference step
changes in the FOC control system with proposed synchronized
SVPWM implementation are shown in Fig. 25. A step-change
in 7} is applied and the controller shows satisfactory dynamic
performance. Also, a good decoupling ability of current control
is verified, no apparent oscillation exists in ¢, when the command
of ¢4 changes.

The results of step loading and unloading experiments are
shown in Fig. 26. In the experiments, the controller works in
speed control mode, and the load machine controls the torque.
The experiments are carried out in different pulse patterns with
the load changes from 0 to 6 N-m. To show the performance of
PLL in the dynamics, . is plotted in the figure. The current con-
troller quickly tracks the current reference, and the synchronized
SVPWM works correctly in all conditions. Because the phase
mapping (9) will amplify the noise, . in pulse pattern 3(3,1;)
is more stable than in 9(9,1}). An increase in the ripple of ¢,
can be observed after loaded. The reason is that the load torque
is unstable, which causes about 3-Hz speed ripples and affects
the accuracy of the PLL. In spite of this, the synchronization
error of the PLL is less than 5°.

Results of the loading and unloading experiments. The machine works in speed control mode.

Fig. 27 demonstrates the effectiveness of the over-modulation
strategy. In the experiments, the bus voltage is reduced to 100 V
for testing over-modulation operation. The machine accelerates
from 80 to 100 Hz and enters over-modulation operation, then
decelerate to 80 Hz and exits over-modulation operation. The
modulation is able to transit to six-step modulation with the
proposed over-modulation strategy. The synchronization is not
affected by the over-modulation strategy. The ¢4 decreases in the
acceleration because of the intervention of the flux-weakening
controller.

Fig. 28 contains the experimental waveforms of pulse pat-
tern transition in over-modulation operation. In these exper-
iments, the machine accelerates to 100 Hz and enters the
over-modulation region, then the pulse pattern changes. Af-
ter 0.5 s, the machine decelerates to 80 Hz and returns
to the linear-modulation region. The pulse pattern transition
strategy works fine with the proposed transition strategy in
over-modulation operation, and the modulation always keeps
synchronized.

The results of the speed dynamic experiment are shown
in Fig. 29. The machine accelerates from 35 to 135 Hz
in about 0.5 s using the proposed pulse pattern se-
lection strategy. The used pulse patterns are shown in
Fig. 29(a). The proposed implementation of synchronized
SVPWM shows superior performance in the speed dynamic
test.



XIAO et al.: STRATEGY AND IMPLEMENTATION OF HARMONIC-REDUCED SYNCHRONIZED SVPWM FOR TRACTION MACHINE DRIVES

12469

i, (5 A/di)
= i, (5 A/dit)
=["4. (10 A/div)
= u,. (200 V/div)
PE9
[ ———
f.=80 {100 Hz 100 ms/div 100 ms/div 100 ms/div
L 4 L L I
I T e 0 i T A T, I gty -/.'\.y»A‘.ﬁ- { J:‘-‘/’V'"'\'-‘«"~\""'\',*¢"-" ANy " ey
_L:‘ﬁurrﬂ_]-ql TTJ. ‘} Jn' '._HU‘ J_: ,'HL_'AL.WLJUTWI’.}\TTUTWN'H __EIJnLanJnlLInUmUmL IU J_: ™ jJn!ﬂmUlenmenlﬂlmm __E ' ‘l 1UmUmUmUnUmmen
10 ms/div 10 ms/div 10 ms/div 10 ms/div 10 ms/div 10 ms/div
Fig. 27.  Experimental results of over-modulation in synchronized SVPWM. The machine works in speed control mode and bus voltage is reduced to 100 V.
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Fig. 28.  Experimental results of pulse pattern transition in over-modulation
operation. The machine works in speed control mode and the bus voltage is
reduced to 100 V.
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Fig. 29. Experimental results of speed dynamic test on the test bench.

(a) Pulse patterns and the corresponding switching frequencies. (b) Experimental
waveform.
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Fig.30. Experimental results of speed dynamic test in HIL. (a) Pulse patterns
and the corresponding switching frequencies. (b) Experimental waveform.

B. Full-Scale HIL Experiments on a 120 kW PMSM

The full-scale HIL experiments aim at simulating the work-
ing condition of traction applications and conducting a com-
prehensive test of the proposed strategies. The results of the
speed-dynamic experiment are shown in Fig. 30. The machine
accelerates from 10 to 270 Hz in about 1 s. The pulse patterns are
selected according to the proposed strategy, and the switching
frequency curve is shown in Fig. 30(a). The controller shows
satisfactory performance in tracking the current reference. The
pulse pattern transits from asynchronous SVPWM to 3(3,1;)
during the acceleration. The PLL synchronizes the modula-
tion well in speed dynamics, and the pulse pattern transition
brings no negative influence on the performance of the current
controller.
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VII. CONCLUSION

In this article, the authors take MI into consideration while
selecting pulse patterns of synchronized SVPWM. It is verified
that the pulse pattern selection strategy can reduce harmonic
distortion. For applying synchronized SVPWM, a complete
implementation of synchronized SVPWM is developed, which
includes a PLL-based synchronization method and a pulse pat-
tern transition strategy. The transition strategy accommodates
to transitions of special pulse patterns and the operation in the
over-modulation region. The proposed implementation permits
the synchronized SVPWM to track fast-dynamic modulation ref-
erence without degrading the performance of the current control
loop in both linear-modulation operation and over-modulation
operation. The experiments verified the effectiveness of the
implementation in all kinds of working conditions. Harmonic-
reduced synchronized SVPWM strategy is preferred in high-
power drives under low-switching-frequency conditions.
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