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Analysis and Calculation of Current Ripple
Considering Inductance Saturation and Its
Application to Variable Switching Frequency PWM

Qiao Li, Student Member, IEEE, Dong Jiang

Abstract—The inductance is an important parameter impacting
current ripple calculation, usually with the assumption that the
designed inductance performs ideally in most of voltage source
inverters (VSIs) applications. However, the initial permeability
of magnetic material usually descends when the winding current
reaches or goes beyond the saturation limit. In such region of sat-
uration, the implemented inductor does not perform as expected
in design stages and its value varies with the bias current. In this
paper, analysis and calculation of the current ripple are presented
for a three-phase VSI with powder cores-based inductors, which
reveals the calculation error of current ripple caused by the soft
saturation nature of powder cores. Based on the equivalent single-
phase model, the influence of inductance saturation on current
ripple can be quantitatively evaluated. Then, a comparison of the
current ripple calculation between considering and ignoring in-
ductance saturation of implemented inductors is drawn in detail.
Furthermore, under the condition of inductance saturation, the
output current ripple peak-to-peak value of three phases is used as
the constraint for variable switching frequency pulsewidth modu-
lation (VSFPWM) design. A comprehensive method is developed
to compensate the effect of inductance saturation in VSFPWM. At
last, the effectiveness of the proposed strategy is verified by the
detailed simulation and experiment.

Index Terms—Current ripple, electromagnetic interference
(EMI), inductance saturation, variable switching frequency
pulsewidth modulation (VSFPWM).

I. INTRODUCTION

OLTAGE source inverters (VSIs) have been widely used
V in motor drives, uninterruptible power supplies, and re-
newable energy generation, etc. In most of VSIs applications,
pulsewidth modulation (PWM) schemes are commonly em-
ployed for energy conversion, and are mainly divided into space
vector PWM (SVPWM) and carrier-based PWM (CBPWM). In
fact, the CBPWM is equivalent to the SVPWM, by the way of
zero-sequence modulating signal injection [1], [2]. Following
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the volt-seconds balance principle, switching patterns are con-
tinuously given by the digital controller to obtain the reference
voltage.

The difference between the pulse-like terminal voltage of the
inverter and continuous load voltage is dropped on the inductor,
and generates the current ripple [3]. The current ripple can highly
impact the converter design, noise, and distortion of system
performance [4]-[7], and is often evaluated by the means of the
root mean square (rms) and peak-to-peak value.

Analysis and calculation of current ripple have been exten-
sively covered in the existing literature for two-level or three-
level inverters. For a single-phase inverter, [8] gave the definition
and calculation process of instantaneous current ripple based on
the time-domain analysis. The current ripple can be expressed as
a function of duty cycle, dc-link voltage, switching frequency,
inductance, and modulation index. For most typical three-phase
VSI, an approach of Thevenin equivalent circuit has been pro-
posed for current ripple prediction in each switching cycle [9].
The equivalent single-phase model has been built to simplify the
calculation of current ripple in multi-phase inverters [10]. The
key idea of both the two approaches is to derive the voltage drop
on the line inductor within each zone and then to re-construct
the current ripple based on the action time and the di/dt in each
zone. The detailed evaluation of peak-to-peak current ripple
for multi-phase and multi-level inverter is also given in [11]
and [12]. Due to the inductance variation of interior permanent
magnet (IPM) motors in a—b—c frame, current ripple calcula-
tion is realized in d—¢ frame [13]. It can be clearly observed
that the value of inductance is an important parameter impact-
ing current ripple calculation. However, for passive filters, the
designed value of inductance does not perform as expected in
design stages if the winding current reaches or goes beyond the
saturation limit, the effective inductance of which is a function
of the permeability of the core materials, determined by the bias
current through the inductors [14]. For ac motors, the induc-
tance nonlinearity is more complex, which is mainly caused by
the magnetic saturation and cross-coupling saturation [15], [16].
There is a study which investigates the current ripple for grid-
connected converters considering the soft-saturation nature of
the powder cores, with an approach of Thevenin equivalent cir-
cuit [17]. It should be noted that an important variable of idL/di
is neglected in [17], which is responsible for the calculation
error of current ripple. For this concern, this paper proposes a
comprehensive equivalent single-phase model for current ripple
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calculation with consideration of the soft-saturation nature of
the powder cores.

Variable switching frequency PWM (VSFPWM) based on
the current ripple prediction is developed in recent years. As
discussed in [18] and [19], the peak-to-peak or rms value of
current ripple in each switching cycle varies along with the
position of voltage vector and modulation index, within a fun-
damental period. A freedom of switching frequency is utilized
to control the current ripple distribution for switching losses
reduction and EMI improvement, but still remaining the current
distortion within the limit. Different from the model predictive
control [20]-[22], VSFPWM is still based on the conventional
feedback control, where PWM module still exists in the system.
Comparing with the conventional constant switching frequency
PWM (CSFPWM), VSFPWM can utilize a freedom of switch-
ing frequency to improve the system performance.

However, in previous literatures, the current ripple calculation
model is well used in traditional VSFPWM (T-VSFPWM) with
the assumption that the designed inductance performs ideally
in hardware applications, in which there is hardly any consid-
eration of the effect of inductance saturation. In fact, induc-
tance variation caused by core saturation is a very common
phenomenon in VSI applications. If the T-VSFPWM is directly
implemented in a VSI system using inductors characterized
by inductance variation, current ripple prediction cannot match
well in many cases and the control error of current ripple can
be easily introduced. To overcome this issue of T-VSFPWM, a
modified VSFPWM (M-VSFPWM) is proposed in this paper to
use VSF technique under the condition of inductance saturation,
while maintaining the current ripple constraint at the same level
in CSFPWM.

The rest of this paper is organized as follows. In Section II,
the introduction of an artificial inductance and common-mode
(CM) voltage is presented. Then, the definition of output cur-
rent ripple considering inductance saturation is derived and a
general single-phase calculation model of current ripple is pro-
posed. Using this model, the current ripple can be accurately
predicted under the condition of inductance variation. Further-
more, an M-VSFPWM strategy is proposed in Section III. Cases
reflecting the influence of inductance saturation on current cal-
culation and the investigation in CSFPWM, T-VSFPWM, and
the proposed M-VSFPWM are shown in Section IV through the
MATLAB/Simulink. Experiments are carried out on a two-level
three-phase VSI system using digital signal processor (DSP)
control board in Section V. Finally, useful conclusions are sum-
marized in Section VI.

II. CURRENT RIPPLE ANALYSIS CONSIDERING
INDUCTANCE SATURATION

The topology of a two-level three-phase VSI system is pre-
sented in Fig. 1, where three-phase inductors are inserted in
the ac-side. Two line impedance stabilization networks are used
here to prevent external conductive noise from the dc source,
and electromagnetic interference (EMI) transmission paths are
also depicted in Fig. 1, where CM and differential-mode EMI
are two forms of conducted EMI. Note that the inductance of
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Fig. 1. Equivalent circuit for a two-level VSI.
line inductor varies over a wide range when ac current changes
in a period.

A. Introduction of an Artificial Inductance and CM Voltage

Observed from Fig. 1, the inductance variation is taken into
account. Vi x (K = A, B, C) is the terminal voltage of three
phases with reference to dc link mid-point N, Ly (k = a, b, ¢)
is the line inductance, R, is the series resistance, and Vo is
defined as the CM voltage. According to the Kirchhoff voltage
law, the voltage equation is written for three phases as

da
dt

Van (t) — Von () = Rig(t) + + e, (1)

Vax () = Vox (1) = Ris() + 20 4 ety (1)
dipe
dt
where Uy, stands for the excitation flux linkage in the line in-
ductor, and the second term on the right side accounts for the
inductance voltage drop of ac current, which can be expressed as

Von (t) = Von (t) = Ri.(t) + + ec(t)

dwu o diu . dLu dia _ . dLa dZa

@ L TG, a (L“ LT ) dt

dy, . diy . dL, di dLy\ diy
S g, S (1, S ) 2 ()
at ~ Uat ", dt ( “L“’dib) a @
dy. - di. . dL.di. dL,\ di,

@ = lea Tlg, a (L““‘f dic) dt -

Generally, the inductance L;, is considered to be a constant
value, which means that variation of the inductance with the
bias current can be ignored, and i, dLy /di), is always kept to
be zero. In practice, the inductance L; will decrease when ac
current reaches or goes beyond the saturation limit of the line
inductor. Having this fact in mind, an artificial inductance L},
can be defined as

. . dLy
w = L + ik diy 3

Equation (3) describes how the inductance variation is intro-

duced under ac current flow. The following can be observed.

1) L is the artificial inductance for phase-k and it consists
of two terms. The first term Ly, is the effective inductance,
which is a function of permeability of the magnetic core
related to the bias current through the inductor; the second
term ¢ d Ly, /di), stands for the product of the bias current
and the derivative of inductance to bias current.
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2) Once the effective inductance is not a constant value,
the variation of effective inductance and the bias current,
which are involved in the artificial inductance, will then
influence the current ripple analysis.

3) Lj, is still a function of bias current through the inductor.
Both the two terms change along with bias current and
it is worth noting that L} is just determined by the bias
current if the saturation characteristic of the inductor has
been designed.

Substituting (2) and (3) into (1), the following equations are

then obtained:

[VAN (t)—VON (t)] LszZ |:R7,a( )—FL* diq

| L

Vi (0-Von (0] L2 L= Ri0) + 13 G-+t Lo

[Ven (t)—=Vox(t)] L

di,
L= [Ri( (t)+L:—

(d +6(():| L*Lb

“)
Ignoring the resistance voltage drop and adding (4), the in-
stantaneous CM voltage can be deduced as

LiLiVan (t) + LEL: VN (t) + L Li Vo (t)
LiL:+ L:L:+ LS L;

be

Von (t) =

LiLke,(t) + Lt Liey(t) + L: Lie.(t)
LiL:+ L:L:+ L: L} '

(&)

Considering the inductance saturation characteristics, the val-
ues of L}, L;, and L} are different because three-phase ac
current differ, and the practical CM voltage is a function of three-
phase artificial inductance, terminal voltage, and load voltage.
Specially, it may be observed from (5) that the CM voltage can
be simplified as [Van () + Van () + Vo (t)]/3 if the artifi-
cial inductance is regarded as an unsaturated value. Therefore,
the normal CM voltage definition of a three-phase VSI is just
a special case, in which artificial inductance is treated to be a
constant value.

B. Definition of Output Current Ripple

Due to the symmetry of three-phase VSI, phase-a is studied
for current ripple analysis, taking into account the inductance
variation. Without losing generality, averaging (1) for phase-a
over a switching period 7T leads to

VAN (Ts) - VON (T ) Rza( ) + L + €aq (Ts) (6)
where Vi (T5), Von (1), ia (Ts), and €, (T ) are the average
value of VA]\( ), Vox(1), i4(t), and e, (t) over a switching
period, respectively. Ai, represents the current change of phase-
a over a switching period. Substituting (2) and (3) into (1), and
minus (6), we get

— di Aj
ba(t) = R [ia(t) — ia Ly | = — =
(t) = R[a) - T(n)] + L | 52 - 5]

+ [ea (t) - Q(Ts)] (7)
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Fig. 2.  General single-phase model for current ripple calculation.

where 7, (t) is defined as the difference between instantaneous
v, (t) and average voltage ¥, (T )

04 () = va (t) — 04 (T%)

= [Van (t) = Von ()] = [Van (Ts) = Von (T4)] - (8)

In (7), the first term on the right side accounts for the resis-
tance voltage drop of current ripple and the third term is the
deviation between the actual load voltage and its average volt-
age over one switching period, both of them can be negligible
[12]. Thus, it can be simplified as
L dia Al

[ dat T ] '

Uy (t) = )

By integrating (9) in sub-period with ¢ € [0, 7], the instan-
taneous current ripple can be defined as

thi, ., 1
T, L

1 t
5 (£)dt
0

ia,ripple (t> = Z‘a (t> - (]O)
where i, (t) is the full current of phase-a and tAi, /T stands
for the fundamental current change with time in one switching
period.

C. General Single-Phase Model for Current Ripple
Calculation

From the aforementioned equations, a general single-phase
model for current ripple calculation considering inductance sat-
uration can be deduced as shown in Fig. 2. Focusing on this
model, L; and Vo (¢) are the artificial inductance and CM volt-
age, respectively, which have been discussed in Section II-A.
Vi v (t) is the terminal voltage of phase-k, switching between
the positive and negative dc-link voltage. Vi n (T5) is the aver-
age value of terminal voltage of phase-k (k = a, b, ¢), which is a
constant value over one switching period by regular sampling.
Von (T) is the average value of instantaneous CM voltage over
one switching period. If these parameters are determined for a
certain period, the slope of phase-k current ripple is

diklipple o 1

dt LJWM)

Vox (t) = Vi n (Ts) + Vox (T)] -

(1)

As shown in Fig. 3, for a three-phase VSI, the vector space
consists of six active vectors (V;—-Vy) and two zero vectors
(Vi and V7). “1” denotes that the terminal voltage is switched
to Vy4./2 respecting to the dc-link middle point. “0” indicates
the output voltage is —Vy./2. The vector space is divided into
six sectors by six active vectors. Without losing generality, the
current ripple analysis can be restricted to the sector I with
normal SVPWM. With respect to V..t position, which is located
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Fig. 4.  Current ripple of phase-a in one switching cycle with SVPWM.

in sector I, two active vectors (V;, Vo) and zero vectors (Vy, V7)
are applied to the two-level three-phase VSI. The duration of
corresponding vectors T, 7o, and T are respectively given in
(12), over the switching period 7.

T = ?mTS sin(7/3 — 6)

T = ?mTS sin(6) (12)

To=T,-T - Ty

where m is the modulation index and m = 2|V,e¢|[/Vye.. 0 is the
rotating angle of V,.¢ with respect to the vector Vq, and V. is
the dc-link voltage.

Generally, adjacent active vectors and zero vectors are
symmetrically-arranged in each switching period for the nor-
mal SVPWM. Fig. 4 shows the switching pulse pattern of
three-phase VSI in SVPWM technique, when V... is located in
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sector I. The power switches are considered as ideal switches
and the dead time is ignored. S, Sy, S. are the switching states,
where high-voltage level indicates the upper switch is ON and
the lower switch in the same arm is OFF, and vice versa. It can
be seen that a sequence of V(—V;—-Vo—V;-V5-V;-V} is used
with duration of these seven vectors (Ty/4-T1/2-T>/2-Ty/2—
T1/2-T5/2-Ty/4). With normal SVPWM, there are seven zones
corresponding to seven voltage vectors in one switching period.
Within each zone, terminal voltage Vi v (¢) and instantaneous
CM voltage Von(#) can be obtained and treated as constant. In
addition, over one switching period, the average value of three-
phase terminal voltage and instantaneous CM voltage can be
calculated as follows:

_ Vae(T1 + 1)

VAN (Ts) 2Ts
- Vae(Ty —T1)
1% T,) = ———=~ 13
BN (T%) 5T (13)
—  —Vae(Ty + T3)
VCN (Ts) - 2—ﬂ
V()N (Ts)
_ LzLiVAN(Tl) -+ LZLiVB]\' (Tl) + L:LZVCN (Tl) ﬁ
L;;L? + L:L: + LZLZ T,

n LyLVan (Ty) + L LiVen (Ty) + L LiVen (To) Ty

LiLi+ L+ L L T,

| GLE(T) + LLGE) + LLET) g,
LyLy+ Ly Ly + Li Ly

where Vi v (T1) (K = A, B, and C) is the terminal voltage of
phase-k in vector Vi, and Vi x (T%) is the terminal voltage of
phase-k in vector Vy. € (7) represents the average value of
three-phase load voltage over one switching period and the de-
viation of €5 (Ty) from ey, () can be negligible. Thus, the last
term in (5) and (14) can be considered equal, and canceled each
other in (11) for current ripple calculation. It means that no
additional load voltage sensors are necessary for current ripple
calculation.

In each of the zones, Uy (t)(k = a, b, ¢) is a constant value,
which can be calculated from (5) and (12)—(14), thus the slope
of current ripple can be determined by (11) if artificial induc-
tance Lj is available. To simplify the analysis L} can be seen as
a constant value in one switching period when the fundamental
frequency is much lower than the switching frequency. Note that
L7, needs to be updated cycle by cycle, varying with the bias cur-
rent. On the other hand, the duration of each zone can be easily
achieved from (12). Combining the lope of current ripple and
duration in each zone, current ripple of phase-a in one switching
cycle can be achieved, which is linear in each zone, as shown in
Fig. 4. Current ripples of both phase-b and phase-c can also be
obtained. Since the current ripple is symmetrical with respect
to the midpoint in each switching cycle for normal SVPWM,
the calculation can be simplified for just half switching cycle.
Moreover, for each switching cycle, the peak-to-peak R, , and
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rms value R,,,s_, of current ripple can also be obtained

Rpp,a =2 X HlaX{|£E‘ ) ‘y|}

15
Toz2 Ty + T 2? + zy + y? (1>

ers,a = f ? Ts' 3

Although the aforementioned analysis of current ripple is
based on the two-level three-phase VSI with SVPWM tech-
nique, the proposed general single-phase model for current
ripple calculation is also valid to be used for multi-phase or
multi-level VSI with other modulation schemes, which are not
shown here.

III. PROPOSED M-VSFPWM

The current ripple prediction is an important basis for VSF-
PWM design [18], where the current ripple is calculated in
advance and a new switching frequency is generated for cer-
tain ripple requirement. For T-VSFPWM [13], [14], constant
inductance is utilized for current ripple prediction, thus signif-
icant error will be introduced if inductance saturation cannot
be ignored. In view of this issue of T-VSFPWM, M-VSFPWM
is proposed for current ripple control with the consideration of
inductance variation, as shown in Fig. 5. In each switching cy-
cle, three-phase ac currents are obtained from the controller to
confirm the artificial inductance (L}, L}, L) inthe inductance
identification module, and then delivered to the current ripple
prediction module together with duty cycles (d,, d;, d.). Based
on the current ripple calculation method discussed in Section II,
the locus of three-phase current ripple can be predicted. In the
switching period updating module, a desired switching period is
produced by controlling the peak-to-peak value of three-phase
current ripple equal to the requirement according to (16). When
the newly triangular carriers are completed, the sampling signal
occurs again and next cycle is coming. As a result, the switching
frequency is changing cycle by cycle to control the peak-to-peak
value of three-phase current ripple equal to the requirement.

RrC( uire
T 1

In =Ts——F—F——
maX(‘RppJfD

(16)
where Ty is the updated switching period, R, 1 is the pre-
dicted peak-to-peak value of phase-k current ripple, and R,.cquire
stands for the maximum value of three-phase current ripple in a
fundamental period for CSFPWM. In this paper, the requirement
of current ripple peak-to-peak value is 3 A.
The flowchart of proposed M-VSFPWM in each switching
cycle is presented in Fig. 6. Due to the symmetry of current
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Fig.7. Carrier wave generator. (a) Varying the counter slope with the constant
peak value. (b) Varying the peak value with the constant counter slope.

ripple in one switching cycle, only the first and second zone
need to be calculated. In the inductance identification module,
three-phase currents (i) are needed to determine the artificial
inductance in each switching cycle. Thus, three-phase current
sensors are necessary for the proposed M-VSFPWM control.
Fig. 7 shows the update method of the switching period, where
the triangular carrier wave is adopted with an up/down counter.
As shown in Fig. 7(a), the peak value of the carrier wave is
always set as a constant, and the counter slope is varied cycle
by cycle to change the carrier/switching period. On the other
hand, the peak value of the carrier wave can be varied cycle by
cycle if the counter slope is always programmed as a constant, as
shown in Fig. 7(b). Itis worth noting that the reference compared
with the triangular carrier should be in proportion to the peak
value of the carrier wave to ensure volt-second balance. In the
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TABLE I
SYSTEM PARAMETERS

Parameters Value p.u. value
Rated phase voltage amplitude (Ep) 100 V 1
Rated Capacity (S;) 3kVA 1
dc-link voltage (V) 200 V 1
Phase current amplitude (i) 13.44 A 0.672
Modulation index (1) 0.7 0.7
Load resistance (R) 5Q 1
ac-side filter capacitance (C) 35 uF 18.12
ac-side unbiased value of inductance (L) 720 nH 0.0452
Constant switching frequency (f.) 15 kHz 1
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700 oty

~
N

>N
]
=

Inductance/uH
o3
(=3
(=]

w
w
=

500

450
0 5 10 15
Current/A

Fig. 8.  Effective inductance variation with bias current.

DSP-based system, it is more convenient and efficient to change
the peak value (period register) of the carrier wave.

IV. SIMULATION VERIFICATION

The validity of current ripple analysis and proposed
M-VSFPWM has been verified through dynamic simulations of
athree-phase VSI feeding into L-C-R load in MATLAB/Simulink,
with the main parameters summarized in Table I. A model of
nonlinear inductor has been used here, which is determined by
the current vector and magnetic flux vector, using smooth inter-
polation method.

A. Influence of Inductance Variation on CM Voltage and
Current Ripple

Fig. 8 shows the measured inductance variation with bias
current, where the effective inductance of line inductor is about
720 pH under low injected current and drops to 500 pH around
the current peak (14 A). As it may be observed from Fig. 9
that under the sinusoidal current flow, high bias current will
cause the inductance to decrease and a significant difference
(iqdL,/di,) between the effective inductance (L,) and the
artificial inductance (L) can be observed, which is not con-
sidered in [17]. It can be seen that the maximum inductance
error caused by i,dL,/di, is more than 27%. As can be
seen from Fig. 10, the practical CM voltage is not equal to
[Van (t) + Vpn (t) + Von (t)]/3 in some zones because of the
inductance variation, but matches well with the predicted results
proposed in this paper.
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plot. (b) Case 1. (c) Case 2. (d) Case 3.
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Fig. 11 shows the comparison of current ripple between sim-
ulation and prediction for phase-a in different cases. From the
zoom-in details of current ripple in several switching cycles for
normal SVPWM, it is clear that the current ripple is reset in each
switching cycle. Case 1 stands for the predicted peak-to-peak
value of current ripple, with a constant inductance (720 xH); In
case 2, the varying effective inductance (L, ) is considered to
calculate the peak-to-peak value of current ripple, but ignoring
the influence of i,dL, /di,; case 3 represents the predicted re-
sults considering the inductance variation of L proposed in this
paper. By comparing with the simulated current ripple, signifi-
cant errors can be observed in both cases 1 and 2. Though the
effective inductance variation is taken into account in case 2,
the prediction error is still significant. Using the artificial in-
ductance L and the general single-phase model discussed in
Section II, the predicted peak-to-peak value of current ripple
matches well with the simulated current ripple, which demon-
strates the previous current ripple analysis.

B. Modified Variable Switching Frequency PWM

To validate the effectiveness of the proposed M-VSFPWM,
extensive simulation studies with wide range of inductance vari-
ation in three-phase inductors are carried out. Fig. 12 shows
the three-phase current ripple with normal CSFPWM, and the
maximum peak-to-peak value is 3 A, which is the control tar-
get for both T-VSFPWM and M-VSFPWM. In Fig. 13, the
peak-to-peak values of three-phase current ripple exceed the re-
quirement in many switching cycles, thus it is out of control
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with T-VSFPWM. It is worth noting that the reason why these
errors are significant is that the T-VSFPWM does not involve
inductance variation in its current prediction model [18]. By
contrast, the peak-to-peak value of three-phase current ripple
for proposed M-VSFPWM can reach and not beyond the re-
quirement almost in every switching cycle, as shown in Fig. 14.
In this case, comparing with the normal CSFPWM, the proposed
M-VSFPWM takes up extra computing time in each interruption
of DSP, around 9.1 us.

Fig. 15 shows the comparison of switching frequency. Com-
paring with the normal CSFPWM whose switching frequency is
always a constant (15 kHz), switching frequency of T-VSFPWM
varies between 7.1 and 9.6 kHz, but the peak-to-peak value of
three-phase current ripple is out of control in this case as can be
seen in Fig. 13. It means that the varying switching frequency
generated from T-VSFPWM is not accurate for the peak-to-peak
value control of three-phase current ripple, under the condition
of inductance variation. It should be noted that, in proposed M-
VSFPWM, the peak-to-peak value of three-phase current ripple
is well controlled within the requirement and the corresponding
switching frequency varies between 13 and 15 kHz, resulting in
9.1% average switching frequency reduction. In addition, com-
paring with the normal CSFPWM, the ac harmonic current for
M-VSFPWM gets a wider distribution in frequency-domain as
can be seen in Fig. 16, resulting in lower harmonic current peak
value.
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V. EXPERIMENTAL VERIFICATION

In order to verify the above analysis, related experiments are
carried out in a insulated gate bipolar translators (IGBTs)-based
VSI with parameters shown in Table I, and the inverter work
condition is the same as the simulation. Inductors are designed
with FeSiB core materials and its inductance is designed based
on the guideline [23], assuring the required soft saturation. An
IPM module named 6MBP20RHO060 from Fuji Inc. is connected
to L—C type filters, and the load resistors are connected in “Y”
type. The HDO4054 oscilloscope is used to record the phase cur-
rent, and the harmonics spectrum of phase current is achieved
by R&S EMI test receiver. A current probe with the measure-
ment frequency range of 20 Hz—200 MHz is used here to capture
the conductive current, and then transfers it to the EMI test re-
ceiver through the RF input 50 €2 connector. The physical map
of each part of the platform is presented in Fig. 17. In this ex-
periment, the control program is computed based on the DSP of
TMS320F28335.

A. Artificial Inductance Measurement and Current Ripple
Prediction

Fig. 18 shows the experiment circuit of the effective induc-
tance measurement. The resistance is 5 2 and the frequency
of ac supply is set to 50 Hz, where the impedance of the
resistor is much larger than the inductor. Under three-phase ac
75 V supply, both the voltage and current of the inductor are
measured, as shown in Fig. 19. It can be seen that the voltage of
the inductor is no longer a sinusoidal wave with a sine current
because of the inductance saturation. Then the flux linkage can
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be achieved with (17). By adjusting the series resistance (Ry)
and initial value of flux linkage, the symmetric ¥—i loop is
depicted as shown in Fig. 20. A method of polynomial fitting is
adopted to approximate the quantitative expression between the
bias current and the effective inductance, and the curve of the
inductance versus bias current is finally obtained as shown in
Fig. 8. Moreover, the artificial inductance can be further
achieved with (3), as shown in Fig. 21. As discussed in
Section II, the component of i;dL;di; will facilitate the
inductance variation with the increasing current, as shown in
Fig. 22. It should be noted that the value of ¢;,d L di) increases
in the range from 11 to 15 A in this case.

t

w(t) = / [u(t) — Ryi(t)]dt (17)
0

Fig. 23 shows the experimental current ripple of phase-a and

the predicted peak value in different cases. It can be clearly

seen that when the inductance saturation is neglected in case 1,

there will be significant current ripple prediction error from
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current ripple comparison of phase-a.
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the experimental results. In case 2, simply putting a variable
effective inductance in the prediction model without considering
iqdL, /di, will still cause prediction error. Predicted peak-to-
peak value in case 3 matches well with the experimental results,
which illustrates the validity of the proposed single-phase model
for current ripple calculation.

B. Modified Variable Switching Frequency PWM

In order to see the performance of the variable switching
frequency (VSF) technique, some experiments have been car-
ried out with normal CSFPWM, T-VSFPWM, and the proposed
M-VSFPWM, with the identical requirement (3 A) of current
ripple peak-to-peak value. From Fig. 24, different from the
CSFPWM with a constant switching frequency of 15 kHz, the
switching frequency of the T-VSFPWM is varying from 7.2 to
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TABLE II
COMPARISON BETWEEN CSFPWM AND M-VSFPWM

Method Current ripple peak- Number of Eo (A) THD ofinverter ~ THD ofload  Loss saving
to-peak value (A) commutations o side(%) side(%) (%)
CSFPWM 3 300 2572.0 6.94 0.79 84
M-VSFPWM 3 273 2355.7 7.60 0.79 ’
300 20
< —e— Commutation number
E'f 2904 —=— Loss saving (%) T 18
g 2 J1o
= £ 280+ I
2 {14 &
s A
2 270 Q12 g
g E 260 10
< k=
Z- © 18
0 0.005 0.01 0.015 0.02 2504 le
3 : 240+—— . : : —4
g 02 0.4 0.6 08 1.0
.ni;: ~ Modulation index
0 0.005 0.01 0.015 0.02
time/sec Fig. 28.  Switching losses saving and number of commutations in different
modulation index.
Fig. 27. Current ripple with M-VSFPWM (experimental results). 900
—Artificial inductance
.. . 4 ———Constant ind
9.5 kHz, and the variation range for M-VSFPWM is between 800 Fffveive inductance
13.2 and 15 kHz. Since the inductance used to predict cur- I 700
rent ripple is always considered as a constant value (720 ©H), 3 o
a much lower average switching frequency is produced by the E
T-VSFPWM. However, it can be seen from Fig. 25 that the peak- = 500
to-peak value of three-phase current ripple for the T-VSFPWM 400
is out of control because of the mistake in output switching fre- -
quency, which means that the T-VSFPWM is not suitable for ‘ : : :
0 100 200 300 400

current ripple control under the condition of wide inductance
variation. From Figs. 26 and 27, comparing with the CSFPWM,
the peak-to-peak value of three-phase current ripple under pro-
posed M-VSFPWM can reach and not beyond the requirement
in every switching cycle, which further illustrates the validity
of current ripple analysis in Section II. Therefore, the effec-
tiveness of the proposed M-VSFPWM has been demonstrated
for current ripple control under the condition of the inductance
saturation.

Switching losses are determined by device voltage, switch-
ing transition times, the number of commutations, and current
value in switching instants [24]. For a two-level VSI, the de-
vice voltage is always fixed in dc-link voltage. It is given that
the switching transition time is kept to be a constant. A pa-
rameter describing the switching losses is defined as (18), and
then loss saving can be obtained by (19). From Table II, 8.4%
switching losses is reduced with proposed M-VSFPWM in this
case. Since there is a tradeoff between average switching fre-
quency and output current quality, the total harmonic distortion
(THD) of output current in inverter side gets a little worse with
M-VSFPWM. Moreover, Fig. 28 shows the number of commu-
tations and the switching losses saving for different modulation
index with M-VSFPWM, where the load resistance is set to 7 {2.

Eg, = Z |Z(tk)|

k=1

(18)

Interruption in DSP
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N2 |
2= [ite)]
where i(t;) is the instant current value in the kth commuta-
tion and N; and N» represent the number of commutations per
fundamental period.

(19)
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Fig. 29 shows the updating L, and L} used for current ripple
prediction in each interruption of DSP. In each interruption,
the artificial inductance is updated once, and it can be seen
that there is a significant inductance difference between the
effective inductance and the artificial inductance. Thanks to the
switching frequency spreading, M-VSFPWM has a better EMI
performance as shown in Fig. 30 with the selected EMI standard.
Comparing with the CSFPWM, a reduction of 10 dB can be seen
in the 150-900 kHz range with M-VSFPWM.

VI. CONCLUSION

In this paper, the influence of inductance saturation on the
analysis and calculation of current ripple has been studied. The
concept of artificial inductance has been introduced to illustrate
the inductance variation caused by the saturation of the core
materials, which consists of the effective inductance and the
term of iy dLy /dir. A new CM voltage expression is derived
with consideration of inductance variation in three-phase in-
ductors. A general single-phase model considering inductance
saturation has been derived and used to predict current ripple
in real time. It has been proved that in order to predict current
ripple precisely, artificial inductance model is needed which is
more than just simply putting the varying effective inductance
in the prediction model.

VSFPWM has been proposed for three-phase VSIs in pre-
vious literatures, but it has not been developed to consider the
inductance saturation for current ripple control. This paper has
tried to propose an M-VSFPWM method to control the current
ripple when the output inductor is with a wide range of induc-
tance variation. The proposed M-VSFPWM has been compared
with the CSFPWM and the T-VSFPWM, including the current
ripple peak-to-peak value, switching losses, and EMI perfor-
mance. With the proposed M-VSFPWM, both the switching
losses and EMI can be improved and the effective control of
current ripple is realized simultaneously. The theory and results
presented show that the inductance saturation plays an impor-
tant role in current ripple analysis and should be considered for
VSFPWM design.
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