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Abstract—Variable switching frequency sinusoidal pulsewidth
modulation (VSFSPWM) method does well in many aspects such
as lower harmonic peak and losses compared with constant switch-
ing frequency sinusoidal pulsewidth modulation (CSFSPWM) for
DCAC converters. This article presents a passive VSFSPWM
(PVSFSPWM) method for spectrum improvement, filter inductor
reduction, and losses reduction, obtaining similar output current
quality as that of the CSFSPWM method. Because the PVSFSPWM
method does not need any feedback information compared with the
model-predictive-based method, it is an open-loop method and is
called the passive method. In order to obtain the law of harmonic
distribution, the mathematical expression of harmonic spectrum
distribution is derived. The required filter inductor under the same
current ripple and the losses between CSFSPWM and PVSFSPWM
methods have been compared. Simulation and experimental results
show that the PVSFSPWM method achieves excellent performance
in EMI suppression, inductance, and losses reduction without im-
pairing the output quality.

Index Terms—DCAC converter,
variable switching frequency.

pulsewidth modulation,

I. INTRODUCTION

INUSOIDAL pulsewidth modulation (SPWM), character-
S ized by a rapid dynamic response, reducing the harmonics
in a low-frequency band, and so on, is one of the most popular
research topics ina DCAC power conversion with the application
of the high-frequency, full-controlled switching devices [1]. Itis
widely used in photovoltaic (PV) inverters, wind converters, mo-
tor drivers, uninterruptible power supply, and other applications

(2], [3].
For the constant switching frequency SPWM (CSFSPWM)
method, the harmonics caused by the rapid turn-ON and turn-OFF
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switching devices will appear in the spectra at the switching
frequency and its multiple frequencies, and it can arrive at a
high amplitude [4]. The harmonics with high peak value will
contribute to the electromagnetic interference (EMI), and it is
harmful to the power electronic system [5]. In a motor drive
system, the overvoltage caused by harmonics will reduce the
insulation performance of the winding and the life of the motor
[6]. In grid-connected applications, inverters should not inject
excessive harmonic currents into the grid to ensure that no
adverse effects are caused on other devices connected to the
grid. The total harmonic distortion (THD) rate is limited to 5%
and each order harmonic is strictly restricted [6].

In order to reduce the peak value of the harmonic, the variable
switching frequency SPWM (VSFSPWM) method has become
a research hotspot [7], [8]. Based on spread-spectrum SPWM
techniques, some methods with remarkable effect are put for-
ward in the past few years such as random SPWM (RSPWM)
[9], [10], programmed SPWM (PSPWM) [11], [12], and chaotic
SPWM (CSPWM) [13], [14]. The principle of RSPWM is that
the switching frequency is changed from a fixed value into a
continuous value in a certain range, the distribution of high-order
harmonics also changes from discrete to continuous. As a result,
the peak value of the spectrum is reduced. Although RSPWM
has achieved good results, it is still faced with difficulties such
as difficult to quantify, uncontrollable performance, and being
implemented in the industry [15]. The programmed SPWM can
eliminate specific harmonics, so it is also known as a selective
harmonic elimination method. This method is attractive in a wide
range of low switching frequencies. However, it is limited when
dealing with a large number of harmonics due to complex online
computing [16]. The mechanism of chaotic SPWM is similar
to RSPWM. It can evenly distribute the harmonics in a wide
frequency band so that some harmonics with larger amplitude
can be effectively suppressed. However, this method consumes
a lot of computing resources and has low computing speed, and
it is difficult to generate chaotic sequences in real time [17].

In addition to the conventional methods, some advanced
PWM technologies for power electronics converters have been
proposed. With the target of ac-side current ripple, the model pre-
dictive PWM (MPP) is first proposed in single-phase inverters
[18]. The ripple current variation in one switching cycle has been
systematically researched in [19] and [20], and a current ripple
prediction method through the Thevenin equivalent circuits is
also given. Two MPPs techniques are proposed in [21] for
three-phase motor drive applications. They not only arrange
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peak or rms value of the current ripple within the required
range but also reduce the average switching frequency and EMI
noise effectively. A similar MPP strategy for dc-link voltage
ripple reduction is proposed in [22]. All these current ripple
prediction-based methods have done well in EMI and losses
reduction. However, they belong to closed-loop methods, which
means that some information such as switch status and duty
cycle are required to obtain the switching cycle in every inter-
rupt cycle. It will bring a heavy burden on the microprocessor
especially when the vector increases. With the target of losses
reduction, an optimal MPP is proposed in [23]. The average
value of switching losses function over a whole period is given
and the output current ripple rms value has been defined as
a constraint. This method can reduce the switching losses by
19% compared with constant frequency PWM. However, the
parameters of the objective function are acquired from a look-up
table (LUT) and the data of the LUT are calculated offline
using the toolbox of MATLAB, so it may be inconvenient in the
industrial scene. Another method is proposed in [24]. It increases
the switching frequency when the reference voltage approaches
zero so that the current ripple can be reduced. However, there
are no mathematical methods to quantify the performance of
current ripple reduction, which means the performance is not
controllable. Additional variable switching frequency methods
have been proposed in [25]-[27] the motor-drive applications.

For these advanced PWM technologies, some information is
required to calculate the switching cycle. Hence, they are called
closed-loop methods. They only focus on the improvement of
single performance such as current ripple or losses. And they also
need complex online mathematical calculations. In this article,
a PVSFSPWM method is proposed. First of all, the pulse signal
is obtained by comparing sine wave and triangle wave, just like
the CSFSPWM method, without complicated online calculation.
Second, it can effectively reduce the harmonic peak as well as
EMLI. Third, the PVSFSPWM method needs smaller filter induc-
tance than the CSFSPWM method under the same ripple current
requirement. Finally, the losses of the PVSFSPWM method
are smaller than that of the CSFSPWM method when proper
parameters are selected. It should be noted that the PVSFSPWM
method can be applied not only to single-phase systems but also
to three-phase or even n-phase systems. Here, the single-phase
system is taken as an example for a detailed analysis.

The rest of this article is organized as follows. In Section II,
the principle of PVSFSPWM method is given. In Section III, the
mathematical analysis of a harmonic spectrum is derived, and
the required inductor and the losses between CSFSPWM and
PVSFSPWM methods are compared. Section I'V introduces the
digital implementation. The effectiveness of the PVSFSPWM
method is verified based on a full-bridge inverter in Section V.
Finally, Section VI concludes this article.

II. PRINCIPLE OF THE PROPOSED PVSFSPWM METHOD
A. Introduction of the Proposed PVSFSPWM Method

Fig. 1 shows the modulation strategies for both CSFSPWM
and PVSFSPWM methods. The red line () is a reference
sinusoidal wave and 7 is a power line period. The dark blue line
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Fig.1. Modulation strategy comparison. (a) CSFSPWM method. (b) Proposed
PVSFSPWM method.

(uc) is a carrier wave and the orange line (i) is the envelope of
the triangular carrier amplitude. For the CSFSPWM method in
Fig. 1(a), u, is constant and it can be equivalent to a periodic
function with an infinite period. Thus, the switching period is
constant. For the PVSFSPWM method as shown in Fig. 1(b),
it can be regarded that u, is injected into the amplitude of the
carrier, so the frequency varies with ue. 1, needs to satisfy the
following constraints.

1) u, is a periodic function with a period of 772.

2) ueis preferably even symmetry within a power line period;

it is beneficial to eliminate harmonics.

3) ue and u, have the same phase angle.

Different from the MPP methods, the switching period is
obtained naturally rather than by a complex mathematical pre-
diction method. Therefore, the PVSFSPWM method is opened
and it is also called passive. In addition, the performance of the
PVSFSPWM method can be accurately evaluated.

The different performances will be achieved when different u,
is selected. In order to quantify the influence of injection function
parameters on the system performance, the injection depth D
(X, 9) for the injected function is defined here. The parameter
A is the peak-to-peak value of u. and ¢ is the overall bias of
ue. Obviously, the larger A is, the wider the range of switching
frequency variation is; the larger ¢ is, the smaller the average
frequency is. In other words, the distribution of the spectrum and
the value of switching losses are directly related to the injection
depth D.

B. Mathematical Analysis of the PVSFSPWM Method

The carrier triangular of the PVSFSPWM method in a switch-
ing cycle is illustrated in Fig. 2. The triangular OAB is the
constant frequency carrier with a unit amplitude and its period
is a. The triangular OCD is the variable frequency carrier with
an amplitude of k. Because the switching frequency is high
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Fig. 2. Carrier triangular in a switching period.

enough compared with the reference frequency, the reference
in a switching cycle is constant, which is marked with EF. OAB
and OCD have the same slope but different amplitudes, as a
result, the frequency is different.

In the cartesian coordinates, the coordinate origin is O(0, 0),
the height of OAB is unit, and the length of the line segment OA
is a, then points A and B can be expressed as (a,0) and (2/a,1).
Furthermore, the OFF-state duty cycle Do,g can be calculated
with (1), here Dyg is defined as the ratio of turn-OFF time to a
switching cycle in OAB. If the height is extended by a factor of &,
points C and D can be expressed as (ka, 0) and (2k/a, k) according
to the triangle similarity theorem. Finally, D,g in OCD can be
calculated in (2)

Dog =1—x ey
Dog = (k - $)/k (2)

Comparing (1) and (2), D.g is different by using the constant
slope carrier triangular. Thus, some distortion will appear in the
output voltage and current. In order to make the output consistent
with the input, the reference needs to be compensated. Suppos-
ing the new reference is E’F” and its value is x*, combining (1)
and (2), the new reference value x* is achieved with (3). The
same duty cycle as the CSFSPWM method will be achieved
when x* is adopted

" = kx. 3)

Equation (3) shows that the amplitude of the triangle car-
rier and the amplitude of the sinusoidal modulation wave are
increased or decreased by k times at the same time to obtain
the same duty cycle in each switching period, so there is no
overmodulation issue.

C. Other Typical Implementations

As discussed earlier, u, is a function with periodicity and
symmetry characteristics. Fig. 3 shows some detailed imple-
mentations. In Fig. 3(a) and (b), u. is a triangle wave, and
their injection depths are D(0.2, 1) and D(—0.2, 1), respectively.
Similarly, a sine wave can be injected into the carrier as shown
in Fig. 3(c) and (d), and their injection depths also are D(0.2, 1)
and D(—0.2, 1), respectively. Here, the triangular wave injection
method is illustrated in this article and the analytical methods
for other methods are the same.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 37, NO. 5, MAY 2022

Fig. 3. Some typical implementations. (a) Inverse triangular wave injection.
(b) In-phase sine wave injection. (c) Inverse-phase sine wave injection.

III. COMPREHENSIVE ANALYSIS

A. Harmonic Spectrum Distribution Analysis

Before analyzing the spectrum of the PVSFSPWM method, it
is better to overview the spectrum analysis method for the CSF-
SPWM method. Usually, the regular time-varying waveform can
be expressed as an infinite Fourier series based on the Fourier
transform. For a signal that is a dual function of two variables,
the double Fourier series has been introduced to analyze the
spectrum over the past few decades [28].

Consider a dual function fix(¢), y(t)), where x(f) and y(r)
are two periodic functions, the double Fourier series can be
expressed with (4) according to the double Fourier series theory
[28]. mis the index variable of carrier harmonic and n is the index
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Fig. 4. Modulation principle of the CSFSPWM method.

variable of baseband harmonic. A,,, and B,,, are the Fourier
coefficients

f(t) = f(z,y)

_ Ao

o0
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where

1 .
Amn + jB’mn = / / f(ﬂf, y)ej (merny)dJ?dy (5)
272

Fig. 4 shows the modulation principle of the CSFSPWM
method. Uy, is the input dc voltage. u,(f) is the output PWM
voltage. T, is the period of the carrier. When u, is greater than
Ue, Uo(t) = Ugqc, otherwise u,(f) = —Uyqc. In order to simplify
the calculation, a dc component Uy, is added to u,(f) to get a
new output voltage u/ (t). u, (t) switches between 0 and 2Uq.,
whereas the harmonic distribution is the same as that of u, ().
Then, u,(t) can be written as a double Fourier series of x(f) and
y(¢) as shown in (6) and (7). Hereafter, w,. is carrier angular
frequency, 6. is a phase offset angle of a carrier, w, is the
reference angular frequency, and @, is a phase offset angle of
the reference

uo () = o () (6)
x(t) = wet + 6,
y(t) = wpt + 0, (7)
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Combining (6) and (7), the expression of a harmonic compo-
nent for u) (¢) can be derived with (8). M is the injection depth
and J,, is the Bessel function. The first item is the dc component
of Uqc; the second item is the fundamental component and
its baseband harmonic component; the third item is the carrier
harmonic component; the fourth item is the sideband harmonic
component.

Generally, it is difficult to apply the double Fourier analysis
method to the VSFPWM method because the carrier is aperiodic.
However, when the carrier period varies in multiple cycles
according to a predetermined value, the mathematical method
for harmonic spectrum calculation still can be obtained [29],
[30]. For the PVSFSPWM method, the mathematical calculation
method for harmonic spectrum is theoretically available because
the injected function is periodic.

Fig. 5 shows the modulation principle for the PVSFSPWM
method. To obtain the double Fourier series of (), the period
of the entire varying carrier is defined as T, which includes k
switching cycles. Here, T; (i = 1,2, ...,k) is the period of each
carrier, and &, is the height of each carrier. Because the frequency
of u, is two times of the power line frequency, T is equal to
T/2. At the same time, it is necessary to convert the horizontal
ordinate to x = w.t, where w, = 27/T.. Finally, the period of
the variable carrier is converted to 2.

According to the double Fourier analysis method of aperiodic
carrier modulation, the mathematical expression of a harmonic
component for u/ () under the PVSFSPWM method is derived
with (9). It can be observed from (9) that the dc component
and the fundamental component of the PVSFSPWM method
are the same as those of the CSPWM method. For example,
the dc component is Ug. and the amplitude of the fundamental
component is MUy.. However, the distribution of the carrier
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Fig. 6. Simulation and calculation results of the FFT analysis for output PWM
voltage with D(0, 1).
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Fig.7. Simulation and calculation results of the FFT analysis for output PWM
voltage with D(0.2, 1).
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Fig. 8.  Simulation and calculation results of the FFT analysis for output PWM
voltage with D(0.5, 1).

harmonics and the sideband harmonics for the two methods are
different. The carrier harmonics and the sideband harmonics are
not only related to the variable carrier period T but also related
to the sum of the carrier period 7. They are distributed in the
frequencies of mw . and mw .+nw.-, so the harmonics distribute at
more frequency points and broader frequency bands. As long as
M and Uy, are constant, the THD of power converters under both
CSFSPWM and VSFPWM methods are equal [29]. Therefore,
the peak value of the harmonic will be greatly reduced.

In order to verify the effectiveness of the mathematical analy-
sis method, a comparison between simulation results and math-
ematical calculation results has been made. Figs. 6 =9 show the
FFT results of the output PWM voltage under different injection
depths. It is observed that the simulation results of the harmonic
spectrum are consistent with the theoretical calculation results.
With the increase of A, the harmonic will be distributed in
more frequencies, and the peak value of the harmonic is greatly
reduced. Equation (9) is at the bottom of the next page.

Fig. 10 shows the simulation results of EMI comparison. The
PVSFSPWM method with the injection depth D(0.8, 1) and

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 37, NO. 5, MAY 2022
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Fig.9. Simulation and calculation results of the FFT analysis for output PWM
voltage with D(0.8, 1).

the CSFSPWM method with the fixed switching frequency are
compared. It can be seen that the EMI of the CSEFSPWM method
presents periodic peaks in the frequency domain according
to the integral multiple of the switching frequency. The EMI
oscillation amplitude of the PVSFSPWM method is smaller and
a reduction of about 30 dB can be achieved. In summary, the
average energy of the two methods is similar, but the peak value
of EMI of the PVSFSPWM method is much smaller than that
of the CSFSPWM method.

B. Current Ripple Reduction Analysis

Because the slope of each triangle is equal, the period of
the carrier triangle is proportional to the height. Supposing the
basic frequency is f, the switching frequency for each carrier
triangle under the PVSFSPWM method is expressed as (10).
Obviously, the frequency of each carrier varies around f3, and
the CSFSPWM method is a special case of the PVSFSPWM
method when the injection depth is D(0, 1)

_ I
hi
The average switching frequency during a power line period

can be derived as

Ji (10)

o= L (222)
wve =5 M\ 25-a )

The two-level voltage source inverter is taken as an example;
the maximum current ripple (Aly,.x) of the inductor under the
CSFSPWM method occurs when the phase angle is 0 and 7, and
itis written as (12). For the PVSFSPWM method, the maximum
current ripple is written as (13)

(1)

VacT
Almax = =7 12)
VacT A
AIIH X = "7 P B 1
= (6 2) (13)

Under the same requirement of peak ripple current, the ratio
relationship of filter inductors of the two methods is shown in
Fig. 11. The ratio m is defined as the ratio of the inductance under
the VSFPWM method to that under the CSFSPWM method. It
can be seen that m is directly proportional to ¢ and inversely
proportional to . Detailly, with the increase of J, the average
switching frequency is reduced and the required filter inductor is
increased in order to maintain the same peak ripple current. With
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methods under different injection depths.

the increase of A, the average switching frequency is increased
and the required filter inductor is decreased. Because the influ-
ence of § and X on the average switching frequency is different,
the filter inductance and the average switching frequency can be
reduced at the same by reasonably selecting the injection depth.

Fig. 12 shows the simulation results of the current ripple for
both the CSFSPWM and the PVSFSPWM methods. Here, f3 is
SkHz, Al ax is limited within 2 A. The other parameters are
the same as those listed in Table I. Fig. 12(a) shows the current
ripple for the CSFSPWM method. In order to limit A/, within
2 A, a 6.2-mH inductor is selected. It can be seen that the peak
valley value of the amplitude envelope is quite different, so the
utilization rate of switching frequency is low. Fig. 12(b) shows
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Fig. 12.  Current ripple comparison between two methods. (a) Current ripple

of the CSFSPWM method. (b) Current ripple of the PVSFSPWM method. (c)
Switching frequency variation for the PVSFSPWM method.

TABLE I
COMPARISON WITH SOME EXISTING VSFSPWM METHODS

Methods Classification Controllable Online calculation
RSPWM [9] Passive No No
PSPWM [11] Active Yes Yes
CSPWM [13] Passive No No

[21] Active Yes Yes
[23] Active Yes Yes
PVSFSPWM Passive Yes No

the current ripple for the PVSFSPWM method. The injection
depth is D(1,1.2) and the inductor is 4.8 mH. Obviously, the
current ripple distribution is greatly improved. The switching
frequency varies from 2.8 to 8.2 kHz as shown in Fig. 12(c) and
the average switching frequency reduces to 4.43 kHz. When f
is equal to the frequency of the CSFSPWM method, the PVSF-
SPWM method can not only reduce the current ripple but also
make the ripple more uniform. In other words, on the premise
of meeting the peak—peak current standard, the PVSFSPWM
method can reduce the filter inductor and the average switching
frequency.

ul (t) = {Ugc + MUge cos(w,t + 6,.)}

X & i1
—2ae 37 3 < |sin (mAE) cosm T+ %
m=1i=1 =
x &k i-1
_4}7{?: Z Z sin (m%) sinm Tj + %
m=

i1
sin (% — 2L cosm (Z T; +

0 00 k i—1
e 2 D X sin(’?—mfi)sinm<lej+

Jo (%) cos [m (wet + 6.)]

Jo (%) sin [m (wet + 6.)]

T | (ML) cos [m(wet + 0e) + n(w,t + 6,)]

©)
Lol | T (2215 sin [m(wet + 0.) + n(wet + 6,.)]
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C. Conduction and Switching Losses Analysis

The total losses of the switches mainly include conduction
losses and switching losses. Generally, the conduction loss in
the ith period P.,,(7) can be written as

Pron (i) = ttee(1)io (i) D(4) (14)

where uee (i) = Uceo+|io (0)|R, io(i) = Iynsin(w,Ai), and I,, is the
peak value of the output current, U, is the saturation voltage
drop and Rt is the forward ON-resistance of IGBTs. D(i) is
the duty cycle as shown in (15), and Ai is the accumulation of
switching periods before the ith period. For the PVSFSPWM
method, it is obtained with (16)

1+ Msin(w,A;)

D(i 15
(i) . 15)
AN=T1+To+ - +Ti1+T;/2 (16)
o N2 Ucegl”‘ sin(w, A;)T;
_ RrI2 +MUceolm i 2 NT.
Peon = 7 Zl 4 Bl t MUeeo In iy 2 (4, A) T, (17)

MRpI12" .
+7R2T m sm3(wTAi)Ti

The conduction losses during a whole power line period for an
IGBT are expressed by the sum of the losses in all these switch-
ing periods as shown in (17). NV is the total number of switching
cycles in a power line period. Seen from (17), the integrals of
function sin(w,Ai)T;, sin?(w,Ai)T;, and sin’(w,Ai)T; during a
half-power period are fixed values. Therefore, P, is the same
for the CSFSPWM method and the PVSFSPWM method as long
as I, is the same.

The switching losses mainly include turn-ON loss and turn-
OFF losses, they are proportional to the collector current. Here,
the relationship curves between turn-ON energy (Eoy, ), turn-OFF
energy (Eof), and the collector current from the datasheet are
used for switching losses calculation. The average switching loss
P in a switching period is written with

(Eon (Z) + Eoff(i))
T;

where E, (i) and E,g(i) are expressed by (19). k1, ka2 by, and

bsy are fitting coefficients. Based on (18) and (19), the total

switching loss Pg, in an entire power line period is written as

(20). It is obvious that Py, depends on N. When the average

frequency declines, the total Pg,, will decline, meanwhile

Eon(i)=kqio(i) 4 by

Eog(i)=kqio (i) + by
9 N/2

PSW:T ; (k1 4 ko) L sin(w, A;) + by + 2] (20)

P (1) =

(18)

19)

Fig. 13 shows the losses distribution with different switch-
ing frequencies based on (17) and (20). Here, Pcon_csrspwum
and Py csrspwMm are the conduction and switching losses
of an IGBT under the CSFSPWM method respectively, and
Pcon pvsrspwM and Pgy, pvsrspww are the conduction and
switching losses under the PVSFSPWM method, respectively.
The injection depth D(1.2, 1) is selected as an example. It can
be observed that the conduction losses of the two methods are
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Fig. 13. Losses distribution with different switching frequencies.

almost the same while the switching losses under the PVSF-
SPWM method are less than that under the CSFSPWM method.
Specifically, the switching losses of the PVSFSPWM method
are about 30% less than that of the CSFSPWM method at all
switching frequencies.

D. Comparison With Some Existing VSFSPWM Methods

Table I gives a comparison between the PVSFSPWM method
and some existing VSFSPWM methods. These methods can be
roughly divided into active and passive. For PSPWM [11] and
VSFSPWMs in [21] and [23], they are all active methods. They
all require complex online calculations. For example, PSPWM
needs to calculate the peak value of a specific subharmonic,
and the methods in [21] and [23] need to calculate the current
ripple. As the complexity of the system increases, the calcu-
lations will increase exponentially, which will bring a heavy
burden to the microprocessor. For RSPWM [9], CSPWM [13],
and the PVSFSPWM method, they are all passive methods
without complex online calculation and feedback control, and
they are easy to be implemented in a microprocessor. However,
their effect is not as excellent as the active method. Among
these passive methods, the PVSFSPWM method is superior to
other methods in terms of controllability. This is because the
PVSFSPWM method can adjust parameters such as spectrum
distribution, current ripple, and loss through the injection depth
while RSPWM and CSPWM methods are uncontrollable.

IV. DIGITAL REALIZATION

The digital realization of the PVSFSPWM method in the
controller is presented in this section. Like the conventional CS-
FSPWM method, the PVSFSPWM method can also be realized
by comparing a modulation wave with a carrier wave. As for the
digital controller, it can be a digital signal processing (DSP) or
a field-programmable gate array (FPGA).

In the DSP controller, the reference u, and injected waves
ue are sampled when the value of the counter is equal to 0
as shown in Fig. 14. The period of carrier triangle wave at
different positions is different, and the reference wave is sampled
synchronously, which ensures that the duty cycle remains un-
changed in each switching period and realizes regular sampling.
The PWM is generated by the enhanced pulsewidth modulation
(ePWM) module of DSP. The interrupt is triggered when the
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Fig. 14.  Sampling reference and carrier waves in a DSP controller.
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Fig. 15. Flowchart of the PVSFSPWM method in the DSP controller.
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Fig. 16.  Sampling reference and carrier waves in an FPGA controller.

value of the counter is zero. In the interrupt program, u. is sent
to the cycle register and the modulation sine wave is sent to the
count comparison register.

The flowchart of the PVSFSPWM method in the DSP con-
troller is shown in Fig. 15. First, it is necessary to initialize the
ePWM module and the injection depth D. Second, the injected
wave U, is obtained and saved in an array according to the
injection depth D. Third, the ePWM module and the underflow
interrupt module are enabled. And then, the cycle register and
count comparison register are updated in each interrupt.

In the FPGA controller, the sampling reference and carrier
waves are shown in Fig. 16. Two waves uo; and ueo whose
frequency is twice the reference wave frequency are generated
in the controller. Their amplitude and offset are determined by
the injection depth D. The counter is first set to increment. When
the value of the counter increases to u.i, set the counter to
decrease; when the count value decreases to ues, set the counter
to increment. After that, it keeps cycling. In this way, a carrier
with variable frequency can be generated. The PWM signal can
be obtained by comparing the modulated wave with the carrier
wave.
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Fig. 17.  Experimental hardware platform.
TABLE II
SYSTEM PARAMETERS
Parameters Values  Parameters Values
Input DC voltage 360 V Output AC voltage 220 V/50 Hz
Power rating 1 kW Switching frequency 10 kHz
Output filter inductor 4 mH Output filter capacitor 4.7 uF

i [10A/IV]

FFT result[50V/div]

1751500 V/div]

50Hz  10kHz  20kHz 30kHz 40kHz

@ ()

Fig. 18.  Waveforms of the CSFSPWM method. (a) FFT result of bridge
voltage Vap. (b) Output current i, and filter inductor ripple current i..

Comparing Figs. 14 and 16, there are more degrees of free-
dom to generate the carrier triangle in an FPGA controller, so
the waveform consistent with the theoretical analysis can be
achieved. However, the final effect of these two methods is
completely the same because the changing law of the switching
frequency is the same.

V. EXPERIMENTAL VERIFICATION

In this section, both the CSFSPWM and PVSFSPWM meth-
ods are verified based on a full-bridge inverter platform for com-
parison as shown in Fig. 17. They are implemented in the digital
processor TMS320F28335 of Texas Instruments Incorporated.
The parameters are reported in Table II. In the following, a
number of experiments are carried out under different injection
depths.

Fig. 18 shows the experimental results with the CSFSPWM
method. Fig. 18(a) shows bridge voltage V4, output ac voltage
V5, and the FFT result of Vap. In this situation, the switching
frequency is constant; thus, the peak value of harmonics is
mainly concentrated in the switching frequency and its integer
multiple frequency. It is observed that the maximum peak value
of the harmonic is almost 150 V. Fig. 18(b) shows the output
current i, and the filter inductor ripple current i.. It can be seen
that i. reaches the maximum value at 0 and 7, and it reaches
the minimum value at 7/2 and 37/2. The maximum peak—peak
value is about 3.8 A.

Figs. 19 21 show the experimental results with the PVSF-
SPWM method under different injection depths. Fig. 19 shows
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Fig. 20. Waveforms of the PVSESPWM method under D(0.5, 1). (a) FFT
result of bridge voltage Vap. (b) Output current i, and ripple current i..
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Fig. 21.  Waveforms of the PVSFSPWM method under D(0.8, 1). (a) FFT
result of bridge voltage Vag. (b) Output current i, and ripple current ic.

the experimental results under D(0.2, 1). The switching fre-
quency varies from 9.1 to 11.1 kHz. The peak value of the har-
monics at the switching and its multiple frequencies has declined
by 40% as shown in Fig. 19(a). In Fig. 19(b), the ripple current
decreases to 3.65 A. Fig. 20 shows the experimental results
under D(0.5, 1). In the circumstances, the switching frequency
varies from 8 to 13.3 kHz. The peak value of the harmonics
has declined by 60%, and the spectrum is smoother as shown in
Fig. 20(a). As shown in Fig. 20(b), the ripple current decreases
to 3.1 A. Fig. 21 shows the experimental results under D(0.8,
1). As shown in Fig. 21(a), the switching frequency varies from
7.1 to 16.6 kHz. The spectrum becomes continuous, and there
are almost no peak values as can be seen. The peak value of the
ripple current is only 2.8 A, so the current ripple is reduced by
nearly 26% compared with the CSFSPWM method.

It can be also seen that from the experimental tests that, when
4 is constant, the bigger A is, the better the effect will be achieved.
However, § and A have a deep relationship with the equivalent
switching frequency f,,, from (11), and the switching losses will
be increased with the increase of equivalent switching frequency.
Therefore, it is better to consider the harmonic spectrum, the
current ripple reduction, and the average switching frequency
reduction to select a reasonable injection depth. These studies
will be carried out in the future work in detail.

Fig. 22 shows the experimental results under D(1, 1.2). The
switching frequency varies from 5.8 to 14.2 kHz and the average
switching frequency is 8.8 kHz. The peak value of the ripple
current is 3.5 A. Compared with the CSFSPWM method, the

Waveforms of the PVSFSPWM method under D(0.2, 1). (a) FFT
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Fig. 22.  Waveforms of the PVSFSPWM method under D(1, 1.2). (a) FFT
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Fig. 23.  Waveforms of the PVSFSPWM method under different PFs under
D(1, 1.2). (a) Leading PF load (PF = —0.82). (b) Lagging PF load (PF = 0.9).
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Fig. 24. Measured efficiency curves.

average switching frequency reduced by about 12%, and the
current ripple reduced by about 8%.

To verify the reactive operation capability, experiments under
different power factor (PFs) conditions are carried out under D(1,
1.2). Fig. 23(a) and (b) shows the experimental results under the
leading PF condition and lagging PF condition, respectively. The
power factor in Fig. 23(a) is —0.82 (capacitive), and in Fig. 23(b)
is 0.9 (inductive). It can be seen that the peak-to-peak value of
ripple currents is within 3.5 A.

By the power analyzer (HIOKI 3390), the measured efficiency
of both CSFSPWM and PVSFSPWM methods are shown in
Fig. 24. The injection depth for the PVSPWM method is D(1,
1.2). As seen from Fig. 24, the peak efficiency of the inverter
under the CSFSPWM method is around 97.12% while it is
about 97.48% under the PVSFSPWM method. In addition, the
efficiency of the PVSFSPWM method is higher than that of the
CSFSPWM method at the full power range. This is consistent
with the theoretical analysis.

VI. CONCLUSION

This article proposed a PVSFSPWM method for harmonic
spectrum improvement, filter inductor, and losses reduction.
The implementation of the PVSFSPWM method is similar to
the CSFSPWM method, and it does not have any closed-loop
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ations, thus it is a passive method. By selecting the injection

depth reasonably, the PVSFSPWM method has more advantages

than
1)

2)

3)

4)

5)

CSFSPWM in the following aspects.
The PVSFSPWM method can effectively reduce the har-
monic peak as well as EMI.
The PVSFSPWM method needs a smaller filter inductance
than the CSFSPWM method under the same ripple current
requirement.
The conduction losses for the two methods are the same,
whereas the switching losses for the PVSFSPWM method
are less than those for the CSFSPWM method.
The PVSFSPWM method is a passive method; better
performances are obtained without closed-loop control.
The digital implementation of the PVSFSPWM method
is the same as the traditional CSFSPWM method, which
can generate gate signals by comparing sine wave and
triangle wave. Therefore, no additional software overhead
is required.

Because the injection depth has a huge impact on the system
performance; the selection and optimization of injection depth

will
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be carried out in future work carefully.
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