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Project Code : RSA5880006
Project Title : A Vector Controlled Back-to-Back Three-Level
Neutral-Point-Clamped Converter for a Doubly-

Fed Induction Generator Drive

Investigator : Mr Yuttana Kumsuwan, Chiang Mai University
E-mail Address : yt@eng.cmu.ac.th
Project Period : 3 years

Doubly-fed induction generator systems are extensively applied in wind power
conversion due to the desirable synchronous generator operation at a lower cost.
Moreover, the four-quadrant power control is able to operate with the 25-30 % back-to-
back converter installation of the rated generator power. The flexible operation with the
variable speed and constant frequency under the subsynchronous, synchronous, and
supersynchronous modes has been attractive in this system. However, a few literatures
have been reported and analyzed the comprehensive synchronization process with the
power controls and the synchronization with the stator-flux-oriented control method is
carried out by a direct on line starting operation. The extraction of the reactive power
leads to the inrush stator current. This project presents a synchronization method and
the power control by using a grid-flux-oriented control (GFOC) algorithm for a three-
level back-to-back converter fed doubly-fed induction generator (DFIG) system. Here,
the synchronization process and power control with toque/speed modes of the
generator are controlled by a unique rotor current control. Based on the GFOC
algorithm for the regulation of the stator magnetizing current, the exciting component of
the rotor current is fully controlled, and the variation of the subsynchronous,
synchronous, and supersynchronous speed is controlled by the torque component of
the rotor current for the stator power control. The performance of the proposed GFOC
algorithm with DFIG drive is verified through the simulation results considering the DFIG

as connected/disconnected to ac mains, and torque/speed-control modes.

Keywords: Doubly-fed induction generator, grid-flux, back-to-back converter
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A Carrier-Based Phase-Shift Space Vector
Modulation Strategy for a Nine-Switch Inverter

Neerakorn Jarutus and Yuttana Kumsuwan, Member, IEEE

Abstract—By using a carrier-based pulse width modulation, this
paper presents a developed phase-shift space vector modulation
strategy for a nine-switch inverter to overcome one of major
drawbacks, i.e., output voltage and current distortion. This
is due to the crossover of modulating waves per phase based
on the different phase-shift angle between dual terminals. The
proposed strategy done by mathematical algorithms based on the
critical operating point principle accomplishes in the wide range
of phase-shift conditions that contribute in both common- and
difference-frequency modes with its expediency of uncomplicated
computation and handy implementation. Even more, the identical
and nonidentical modulation index techniques are wholly brought
up. The feasibility of the proposed strategy is confirmed by results
of the simulation directly compared with the experiment, showing
in good accordance with the theoretic analysis.

Index Terms—Carrier-based space vector modulation (SVM),
critical operating point, crossover modulation, identical and
nonidentical modulation index techniques, phase-shift strategy.

1. INTRODUCTION

N DC-AC inverters, two-level three-phase voltage-source
I inverters (VSIs) have been well-known and nowadays en-
hanced performances to use in various kinds of applications,
such as power supply and conditioner systems, motor drive sys-
tems, renewable energy systems, etc., because of its lacking
complexity in the topology and control methods. Among these,
an essential dc-link voltage is enforced to control the magnitude
and the frequency of the output ac voltage for a set of three-
phase loads. Due to the fact that it has a topology of having
only two switches per leg, a high-voltage stress is generated on
individual switches.

Recently, the nine-switch topology was attractively applied
in 2007 for an ac—dc—ac converter [1], which is redrawn in
Fig. 1. Such a figure is referred to as the VSI, which is called the
nine-switch inverter, as proposed in [2] and [3]. This inverter is
relevant as it can absolutely supply up to two independent sets of
three-phase ac loads based on two-level inverters, where its op-
eration can be classified for both the common-frequency mode
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Fig. 1.  Nine-switch inverter configuration.

and the difference-frequency mode. Because it is well-designed,
it produces a reduction in the voltage rating of switches from
two-level inverters [4], as well as the number of switches from
any other dual-output inverters. Herein, its brevity can properly
reduce switching power losses, thermal stresses, and cost of
the system [5]. More than these benefits, compared to some of
multilevel inverters, the unbalance dc-link voltage of two split
capacitors is regardless.

Several electric utility applications of the nine-switch con-
verter that has the unique topology of two sets of three-phase
terminals with a dc-link terminal have been usually activated.
Adjustable speed drives (ASD) for dual ac motors keeping with
the difference-frequency mode were presented in [6] and [7]. In
the common-frequency mode, uninterruptible power supplies
(UPS) and power conditioners interfacing the utility grid were
presented in [8]-[11]. It was also used instead of the matrix con-
verters for both common- and difference-frequency modes [12]
and [13]. Other modified applications, combinations of dc—ac
inverters and dc—dc choppers for integrated renewable energy
systems were introduced in [14] and [15]. In addition, adapta-
tions of its power circuit for improved performance of systems
were devised in [16] and [17].

Regarding pulse width modulation (PWM) methods to control
the nine-switch inverter, the two main groups are now realizable
to increase the dc-link utilization. First, a group of space vec-
tor modulation (SVM) techniques were proposed in [18] and
[19], as it is a good candidate for higher fundamental output
voltage (and hereby current), including better total harmonic
distortion (THD), than sinusoidal PWM techniques. However,

0885-8993 © 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
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its switching sequence design is based on complicated real-time
calculations, depending on the conceptual power-circuit oper-
ation. Another group that is carrier-based nonsinusoidal PWM
techniques were proposed in [20]-[22] with equivalent perfor-
mances to those of the SVM technique, except that it generally
employs the modulating waves compared with a triangular wave
in order to modulate the gating signals. Therefore, it is recog-
nized as a technique that is more effortless than its counterparts.
Out of these PWM generalizations, the intersection between
modulations per phase for dual inverters of this inverter affects
the distortion of output voltages and phase (or line) currents. In
fact, this is the one main drawback of this inverter, owing to the
coupling of three middle switches for dual inverters.

To overcome this drawback, it has so far resulted in some
literatures conscientiously reviewing and analyzing the issue to
propose solutions. The guidelines of these solutions contribute
to the minimization of fundamental output voltages. As a con-
sequence, it is an inherent nature of this inverter. In [18], the
z-source circuit was used as a dc—dc boost converter in front
of the nine-switch inverter along with the modulation algorithm
for avoiding the main problem of this inverter. However, it was
found that upon using the SVM concept, more numerical com-
plexity remains. Other than that this report and its corresponding
results are only achievable for the difference-frequency mode.
The progressive SVM-based strategy was revealed in [19] for
both common- and difference-frequency modes. Asitis invented
in the common-frequency mode, the case-by-case calculations
for each range of different phase-shift angles between dual ter-
minals were synthesized. However, its algorithm adds to the
complicated implementation, since it computes from many for-
mulations, which are only available for the identical modulation
index technique. Moreover, some of its equations still result in
a bit of crossover modulation; therefore, results of output volt-
ages are not according to the theory (a little lower in magnitudes
and having more distortion). In other words, the point-by-point
aspect based on the carrier-based PWM was presented in [20].
With the strategy, it performed correctly in accordance with the
theoretical matter. However, there are many variables in its tar-
get expressions. Thus, its numerical software environment is
extremely complicated. In [21], the point of view of this pro-
posal using the carrier-based PWM is the case-by-case division,
as indicated in [19]. Likewise, the handling of the identical
modulation index technique was only mentioned.

In this paper, a carrier-based phase-shift SVM strategy for
a nine-switch inverter is presented, whose prior viewpoint was
firstly revealed in [22]. Herein, this paper more rigorously de-
velops and analyzes on the strategy, and also annotates precisely
how to attain the objective expressions. Furthermore, it further
challenges the corresponding results in the hardware system.
The keynotes of this strategy are as follows.

1) It achieves the solution to completely avoid the crossover
modulation problem for all the radians of differ-
ent phase-shift angles between dual terminals in the
common-frequency mode, based on the critical operating
point principle, contributing in the difference-frequency
mode.

2) Itreduces the complexities of many computations in [19]
and [21] and complicated variables in [20] by deriving
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Fig. 2. Schematics of three switching states per phase (for leg A). (a) State
[P]. (b) State [Z]. (c) State [N].

mathematical algorithms for both identical and noniden-
tical modulation index techniques.

3) It adds to the effortlessness of the implementation of the
controller on account of the utility of the carrier-based
PWM that is equivalent to the SVM-based method.

Finally, background details of power-circuit operations,

carrier-based PWMs, and discussion on the main problem of
the nine-switch inverter are extended in Section II. The theory
of the proposed strategy for solving the problem is accordingly
given in Section III. Then, in Section IV, it is verified by the
simulation and experimental results, and also compared with the
existing strategies. Lastly, this paper is concluded in Section V.

II. BACKGROUND OF THE NINE-SWITCH INVERTER
A. Nine-Switch Inverter Topology and Switching Operation

The topology of the nine-switch inverter, as shown in Fig. 1,
is based on the dual sets of the standard three-phase two-level
inverter with only a dc-link voltage source. In this figure, the
load one-side inverter composed of three upper switches, St ,
Sug, and Sy, and three middle switches, Sya, Sug, and
Snmc, is called the upper inverter. Uniformly, the lower inverter
is composed of three middle switches, Syia, Sy, and Sy ¢, and
three lower switches, Sy, A, S, and Sy,¢, for the load two-side
inverter. Like general inverters, the operations of the nine-switch
inverter can be classified into two modes: common-frequency
mode and difference-frequency mode. The common-frequency
mode is mostly used in the required common frequency of dual
ac outputs. Besides, the difference-frequency mode is used to
provide the necessary difference in the frequency of dual ac
outputs.

Regarding the switching operation, the switching states per
phase, represented by leg A, are permitted to three states, as
shown in Fig. 2, and they are also summarized in Table I. Con-
sequently, it can be observed that they are strictly turned on only
two switches per leg to idealize the dc short-circuit prohibition.
Similarly, the switching states for leg B and leg C are the same
in manner as those for leg A, whereas they will shift phase
by —27/3 and 27/3 rad, respectively. Of all the three legs,
the nine-switch inverter is characterized by 27 switching mode
configurations, as shown in Fig. 3. Accordingly, these switching
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TABLE I
THREE SWITCHING STATES PER PHASE (FOR LEG A)

State Switching VAN VUV VAZ VU 7
SHA Sma Sta
v 4
[P] On On Off Vbe Vbe ]3 C % C
. Vv v
[Z] On Off On Vbe 0 DL --Bc
[N] Off On On 0 0 ~he _Ype
“Mode I  Mode2  Mode3  Moded  Mode5 Mode6  Mode7 Mode8  Mode9
[PPP] [PPN] [PPZ] [PNP] [PNN] [PNZ] [PZP] [PZN] [PZZ]
+ + + + + + + + +
“Mode 10 Mode 11 Mode12 Mode 13 Mode 14 Mode 15 Mode 16 Mode 17 Mode I8
INPP] [NPN] [NPZ] [NNP] [NNN] [NNZ] [NZP| [NZN] [NZZ]
“Mode 19  Mode20 Mode2] Mode22 Mode23 Mode24 Mode25 Mode26  Mode 27
[ZPP] [ZPN] [ZPZ] [ZNP] [ZNN] [ZNZ] [2ZP] [2ZN] [2Z7)

@ Switch turns on , O Switch turns off

Fig. 3. Combination of 1 to 27 switching modes of the nine-switch inverter.

modes have a total of eight different pole voltage patterns for
both upper and lower inverters, as listed in Table II. Out of these
patterns, the three switching modes, wherein all upper and mid-
dle switches (Mode 1 [P P P]), or all middle and lower switches
(Mode 14 [N N NJ), or all upper and lower switches (Mode 27
[ZZ 7)) are simultaneously turned on, result in zero line-to-line
voltages for both upper and lower inverters. Moreover, it can
be seen that the existing pole voltages are represented by two
voltage levels, that is, 0 and Vp for phases to negative dc bus
(N) voltages, as well as —Vp¢ /2 and V¢ /2 for phases to half
dc bus (Z) voltages. As a consequence, the line-to-line voltages
are composed of three voltage levels, —Vpc, 0, Vpc, which
are given by vap = van — vpN (for example). Reliably, the re-
sulting voltage patterns are evident that both upper and lower
inverters respond in an equivalent manner to the standard three-
phase two-level inverter, as cited in the previous discussion.

B. Carrier-Based Sinusoidal PWM

The carrier-based sinusoidal PWM for the nine-switch con-
verter was earlier mentioned completely in [1]-[3]. In this
scheme, the primary three-phase normalized sinusoidal refer-
ence signals of upper inverter controlling have been begun as

VA = my sin (27TfH_’1t —+ QSH)
v p = mpysin (2w fgat —2m/3 4+ ¢n) (1)
vg,c =mg sin (27TfH_1t + 27T/3 + ¢H)
from which the corresponding sinusoidal reference signals for
lower inverter are also given as
vpu = mp,sin (27TfL31t =+ (bL)
Vv :mLsin(waL,lt—Qw/S—i—gbL) 2)
vpw =mpsin (27 fr 1t +27/3 + ¢r)
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where fy 1, fr.1 are the fundamental frequencies, ¢y, ¢y are
the phase-shift angles, and m g, m are the modulation indexes
within the linear range of just O to 1 in such a scheme. Accord-
ingly, the individual definition of both modulation indexes m g
and m, is twice that of the peak value of the fundamental output
phase voltage component versus the dc-link voltage Vpc.

Based on (1) and (2), in order to reasonably arrange upper and
lower duty cycles with the most distant space in the linear mod-
ulation range, the dc components are needed to inject. For this
reason, the offsets Vigger, 7 =1 —mpy and Vigeer,, =1 —myp,
are then injected to (1) and (2), leading to the three-phase duty
CYCICS de,A sde,B ’de,Cand dmL,U B dmL,V ’ dmL,VV , Ie-
spectively. Their yields are

A, a =va 4 + Vofiset,
dmm,B = va,B + Votset, H 3)
dmu.c = va,c + Vofiset, H

and

dpmrv = vr,u — Voffset,L
- V:)ffset?L . (4)

- V:)ﬁ"set,L

dpr,v =vr, v
dprw =vrw

As brought out in (3) and (4), phase and line-to-line output
voltages of both upper and lower inverters will not be affected
by these dc components. However, the maximum peak values of
line-to-line voltages (fundamental component) of dual inverter
outputs would have been only 0.866 Vpc.

To satisfy the switching concept of this inverter, the gating
signals, phase, or leg A, for example, are generated by two
duty cycles d,;, iy, 4 and d,,, .7 (upper and lower duty cycles per
phase) compared with a common high-frequency carrier vc,
as instanced in Fig. 4. Then, if the upper duty cycle is higher
than the carrier, the gating signal St for the upper switch will
rise to “1” (turn on), otherwise, it will fall to “0” (turn off).
Following the same procedure, the obtained gating signal Sy, o
for the lower switch will rise to “1”” when the lower duty cycle
is lower than the carrier, otherwise, it will fall to “0.” Afterward,
both gating signals of upper and lower switches are entered
into the exclusive or logical operation in order to generate the
gating signal Sya for the middle switch. In this process, the
resulting switching patterns and pole voltages are according
to those given Table I, as was performed in leg B and leg C
by phase-shift angles of —27/3 and 27 /3 rad, respectively.
Furthermore, the operating of the common-frequency mode is
controlled by the setting’s upper and lower duty cycles in the
same fundamental frequency. Hereby, the setting of different
fundamental frequency is implicitly applied for the difference-
frequency mode.

C. Carrier-Based Nonsinusoidal PWM

Instead of the sinusoidal PWM scheme, the carrier-based
nonsinusoidal PWM is developed to achieve the higher output
voltage along with the better quality waveform. Due to the fact
that the injection of the ac component, namely zero-sequence
signal, into the three-phase sinusoidal reference signals with the
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TABLE II
SWITCHING MODES OF A NINE-SWITCH INVERTER

Upper inverter

Focl2
N

P Vel2
o2
=

=
Vocl2

Switching modes

Pole voltages

Line-to-line voltages

(see Fig. 3) VAN, UBN,UCN VAZUBZ,VC 7 VAB,UBC,VC A
13.7.9,1921,2527 Vbe,Vbe, Ve Upc Ypc Ypo 0.0.0

2.8.2026 Vbe,Vbe,0 pc ¥Ypc _Ypc 0,Vbc,~Vpe
46,2224 Ve, 0, Vpe Ype, _Ype Vpo Ve, =Voe,0
10,12,16,18 0,Vpe,Vpe *VDTcy V'%C-, V%C ~Vpe,0,Vbe
5,23 Vb, 0,0 %’,O%C’,VDTC Vbe,0,=Vpe
11,17 0,Vpc,0 ~Ipc Ype Ypc ~Vbe,Vpe. 0
13,15 0,0,Vpc —V%Q-,—V%C%V%Q 0,=Vpe,Vpe
14 0,0,0 ~Ype Ype Vp 0.0,0

2 ) 2

Lower inverter

Switching modes

Pole voltages

Line-to-line voltages

(see Fig. 3) VUN, VYN VW N VUZ,UVZ, VW7 VUV, UVW , VW U

1 Vbe,Vbe, Vpe Tpe fpe Ype 0,0,0

2,3 Vbe,Vpe,0 VMZL,%Q—%L 0,Vbc,=Vpe—Vpe
4,7 Vbe,0, Vbe e _Ype Tpc Vbe,—Vpe,0
10,19 0.Vbe. Ve ~pe e e ~Vbe, 0, Vb
56,89 Vbe, 0,0 e _Tpe _Tpe Vbe, 0, —Vpe
11,12,20,21 0,Vhe,0 ~Ipe e _Tpe ~Vbe,Vbe,0
13,16,22,25 0,0, Vpe ~pe _Ype Tpe 0.~ Vbe, Ve
14,15,17,18,23,24,26,27 0,0,0 ~pe _"pe _Vpc 0,0,0

=) )
o =N o ~
B g
Ny NV 4

modulation index being 1 causes the peak magnitudes of the
required signals to become lower than the carrier’s peak, the
maximum linear range of the modulation index of the three-
phase sinusoidal reference signals can be expanded from 1 to
1.15 with the resultant peak magnitudes of the desirable signals
equal to the carrier’s peak (not to exceed 1 for linear modulation)
but more flat topped.

Hence, for the nine-switch inverter, the modulation indexes
myg and my of the three-phase sinusoidal reference signals
are agreeably rewritten to My and M7, respectively, with the
greater linear modulation range of 0 to 1.15. Thus, the three-
phase sinusoidal reference signals from (1) and (2) are also
renewed as

’U}}’A = Mpysin (27TfH71t + ¢H)

vy p = Mpsin (27 fyat —27/3 + ¢n) 5)
LML L AT T LU V.o = Mpsin (2nfp 1t +2/3 + dpr)
53 0 O s ¥ s s O 0 o U and
AT T T U U U vj y = Mysin (2nfz 1t + ¢
Sm/gj—‘_[—|_[1_|_ﬂ_|—|_J—|_I—|_I_"_VD(.~< vp y = Mpsin (27 fr 1t —27/3+ ¢1) (6)
P e/2 0~

(b)

Fig. 4. Carrier-based PWM for the nine-switch inverter. (a) Common-
frequency mode (my g =my =10, my =myp =038, fy1 = fr1 =
50 Hz, and fsw = 500 Hz). (b) Difference-frequency mode (my y = 10,
my =5 my =mp =0.5, fg1 =50 Hz, fi 1 =100 Hz, and fgw =
500 Hz).

viw = Mpsin (27TfL71t -+ 27‘(‘/3 -+ gf)L)

respectively. Then, the ac components v}, , and v} , injected
into the three-phase sinusoidal reference signals of (5) and (6),
respectively, are expressed as

1 .
UE,O = -3 [max(vE,Avv;{,BaU;{.C) + mln(U;I,Avv;Lva}ﬂi,C)]

(M
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1 .
Vo= 3 [maX(vi_U,viv,vE,w) + mlIl(vE,mvE,mvE,w )] .

®)

Similar to the carrier-based sinusoidal PWM for the nine-
switch inverter, the necessary dc components V(g .. ; and
Viirset,, corresponding to (7) and (8) in this developed scheme

are obtained by

. V3
offset,. g = 1L — Mpy > 9)

. V3

Vottset,r =1 — Mp—-.

Using (5) to (10), the three-phase upper duty cycles dyy 4,

dyin s dym,c and lower duty cycles dy,y, 7, dypp v s dyp w

of the carrier-based nonsinusoidal PWM scheme for the nine-
switch inverter can be successively expressed as

(10)

sk ok * *
dna = Va4 T V0 + Vosernn

* % * *
A g =V Vo T Voset 1t (11)

s % * *
MH,C = V.o T Vot Viser,

and

*

% % *
ALy =VLu 00— Voset.r

duLy =viy tvio—Vig (12)

* % * *
durw =VLw 010 — Voset.L

Based on (11) and (12), the 15.5% higher output voltages of
upper and lower inverters according to the higher modulation
index range than that of the sinusoidal PWM are achieved with-
out the impacts of ac and dc components on the output qualities.
That means the dual inverters can accomplish the maximum
dc-link voltage utilization with the maximum modulation in-
dexes of 1.15, where the property is remarkably equivalent to
the SVM technique. Therefore, this paper would specify as the
carrier-based SVM for the nine-switch inverter.

Again, as shown in Fig. 5, one of instances for the main draw-
back of the nine-switch inverter is illustrated in Fig. 5(a), where-
abouts parameters in Section IV (see Table IV) were conducted.
The upper and the lower duty cycles per phase, represented by
phase A, are initially at modulation indexes My = M = 0.92
and in phase with the common-frequency mode. Herein, the line-
to-line voltage v g and the phase current 4 of the upper inverter
including the line-to-line voltage vyv and the phase current 7;;
of the lower inverter respond as stable waveforms until 0.06 s.
After that time, the crossover of upper and lower duty cycles
(intersection of modulations), by shifting phase (27/3 rad), ap-
plied for the gating signal generation leads to the asymmetrical
output voltages of dual inverters, which contain the low-order
harmonics. This is why the corresponding phase currents via RL
load filters are not nearly sinusoidal feature (distortion). Exactly,
these resultants are unable to deliver for any load. As a discov-
ered problem, there are few literatures regarding the diagnostic
solutions and they have not been intensively discussed. In this
paper, the proposed strategy is algebraically analyzed to solve
the existing crossover problem, as performed in Fig. 5(b), and,
therefore, fully described in the following section.
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Fig. 5. Output responses from (a) crossover of duty cycles and (b) proposed
phase-shift SVM arrangement (my g = my = 150, fg 1 = fr,1 =50
Hz, and fSW =175 kHZ).

III. PROPOSED CARRIER-BASED PHASE-SHIFT SVM STRATEGY

In this section, the theory of a carrier-based phase-shift SVM
strategy is proposed and its overview diagram is also depicted
in Fig. 6 in order to remedy the output distortion problem of
the nine-switch inverter. In the procedure, it is carried out by
controlling the nonsinusoidal duty cycles presented in Fig. 6(a),
obtained by (11) and (12), to avoid the crossover of upper and
lower duty cycles per phase for generating the available gating
signals, as shown in Fig. 6(b). Subsequently, Fig. 6(c) shows
the effective switching operation, which is drawn with three
switching periods to represent all the possible operating cases
for both common- and difference-frequency modes. As evident
by this figure, these switching patterns correspond to the 27
possible switching modes discussed in Section II (see Fig. 3 and
Table II) having no restriction of the adjacent voltage vector se-
lection. Regarding the semiconductor switching losses, taking
into consideration the switching commutations in three phases,
for asymmetrical switching distribution, the switching number
of 10 of middle switches is the sum of 6 and 4 of upper and lower
switches, respectively, (see case 2). On the other hand, for sym-
metrical switching distribution in cases 1 and 3, the switching
commutation of middle switches is two times higher than those
of upper and lower switches: 4, 8, and 4 (see case 1) and 6, 12, 6
(see case 3) for upper, middle, and lower switches, respectively.
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Fig. 6. Proposed carrier-based phase-shift SVM for the nine-switch inverter. (
signals corresponding to switching mode operation.

Following this analysis, it is necessary to gain further insights
into the middle switches of this inverter and that resulting in
higher switching power losses compared with upper and lower
switches.

In order to clarify the proposed phase-shift SVM block, the
outline of this strategy concentrates to analytically look for the
correlation of the aforementioned issue avoidance based on the
critical operating point using mathematical operations. For this
concept, it can be enabled for all the phase-shift operating con-
ditions. That does not resemble the case-by-case operation [19],
[21], as well as the point-by-point operation [20], which are
more complicated computations and implementations.

As mostly commenced, the upper duty cycles must always
appear higher than the lower duty cycles without the crossover
per phase for the entire duration. Thus, considering only phase
A, the upper duty cycle dyy; 4 in (11) and the lower duty cycle
dyir, p in (12) are correlated algebraically as

dyi,a = dyru- (13)

a) Duty cycle generation diagram. (b) Control diagram. (c) Waveforms of gating

Based on the inequality (13), it can be further elaborated for
deriving the utmost solutions of the problem-solving functions.
Significantly, such expression is certainly executed toward both
common- and difference-frequency modes, as discussed in the
following two sections.

A. Common-Frequency Mode

In order to solve an inequality (13) for the common-frequency
mode, both fundamental frequencies fx ; and f7,; of upper and
lower duty cycles in (11) and (12), respectively, are assigned
tenably to identical, fy 1 = fr,1 = f, as remarked in the back-
ground operation (see Section II-A). Owing to the shifting phase
situation, the phase-shift angle of the upper duty cycle is herein
assumed by |¢y — ¢ | and that of the lower duty cycle is set
at 0 rad. This leads to the different phase-shift angle between
upper and lower duty cycles in terms of ¢y — ¢y, |. Subsequent
to substitution of dual duty cycles, the algebraic relationships
are separately presented by two modulation techniques in this

paper.
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1) Identical Modulation Index Technique (Mpy = Mp):
Continuing from the above-mentioned procedure, the resulting
relationship, when the modulation indexes of upper and lower
duty cycles are identical, is then obtained

M < 2"’(’1}}_]’0—’1]}5’0)
" VB 20 (2mft 4 el ) sin (2]

(14)

As yielded in (14), the worst case of shifting phase operation
is considered in such a way that the upper and the lower duty
cycles are out of phase, subject to

2+ (”?1,0 - ”2,0)

~ V3 + 2sin (27 ft)

15)

where cos(27 ft 4+ w/2) = —sin(27ft). Relying on a finite
open-loop pole principle to respect the critical operating point
of the system, taking the denominator of (15) yields zero. This
leads to the critical angle of the fundamental component pro-
viding the unstable system: —27 /3 rad (47 /3 rad) or, symmet-
rically 27/3 rad (—4x/3 rad). Upon emphasizing the term of
the fundamental component, one definition, which is only of the
upper duty cycle or the lower duty cycle, is v/3/2 (at 27/3 rad),
whereas the other one is not committed. This subjects indeed to
Vg o — Vo = 0. Therefore, the concluding relationship at the
critical operating point is that M < 1/ /3. From which, the new
expression related with the proposed conceptual framework can
be formulated as written by

0<|pn — 1| <2m, My =M, <1/V3. (16)

The objective function in (16) points out that the upper and
the lower duty cycles can also displace each other from 0 to
27 rad without the crossover, when the identical modulation
indexes My and M7, are less than or equal to 1/\/?; ~ 0.577
(half of the maximum modulation index value) based critical
operating point condition.

On the other hand, when the upper and the lower duty cy-
cles must always be in phase, its agreeable expression is here-
upon derived. Substituting ¢y — ¢ | = 0 rad for (14) yields
0}170 — v} o = 0, and then leads to M < 2/\/§ In this action, it
is also the complementary set of (16); therefore, its correspond-
ing function for this case can be expressed as

g — ¢r| =0, Mg = My > 1/V3. (17)

As a consequence, the algorithm of (17) indicates that, in
order to avoid the crossover of duty cycles per phase, the upper
and the lower duty cycles must always be in phase for the entire
duration, in which the identical modulation indexes My and
M, are more than 0.577 (1/+/3).

2) Nonidentical Modulation Index Technique (My # My ):
In addition to the aforementioned technique, the nonidentical
modulation index technique is also presented. In the same way,
using (13), the relationship for the different value of the modu-
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lation indexes My and M7, is achieved as follows:
M <

24 (v — v} ) + My [sin (2nft+ [¢g — or]) — (V3/2)]
sin (27 ft) + (V3/2)

(18)

Realizing the worst case for (18), as executed in another
technique, the respective expression is performed as

- 24 (vjrg — v} o) — My [sin (27 ft) + (vV3/2)]
- sin (27 ft) + (V/3/2)

My,

19)
where sin(27 ft + 7) = —sin(27 ft). Again, as far as the criti-
cal operating point of the system is concerned, the critical angle
of the fundamental component from (19) is similar to that of
the (15) as well. This confirms the validity of the critical op-
erating point analyzed in this system. As carried out in the
identical modulation index technique, by selecting 27/3 rad
for the fundamental component, the final corresponding rela-
tionship is accordingly obtained by My + My < 2/+/3, where
Vi o — V1 o = 0. Thus, it can properly turn out to be

0<|pw —¢r| <2m, My + M, <2/V3. (20)

In (20), it can be deduced that the different phase-shift angle
between upper and lower duty cycles per phase can be adjusted
for all the radians along with the sum of modulation indexes
My and My, being less than, or equal to 2/\/§ ~ 1.15 (maxi-
mum modulation index value). As expected, this is one of the
target functions-based critical operating point that can be used
to overcome the problem of interest in this paper.

In the vice-versa situation, the given |¢y — ¢r| = 0 rad is
used for (18) to prove the next one of the subject function.
Subsequently, the term of the fundamental component is also
defined to be v/3 /2, according to the algorithm of the critical
operation. This results in the relationship My < 2/ V3 with
Vi g — v o = 0, where the modulation index My is whatever
the value is in the range of O to 1.15. However, this response
is the complementary set of (20). Thus, it is possible for the
plausible set of the sum of modulation indexes My and My, in
this case to be My + My > 2/\/3, one obtains

lpr — dr| =0, My + M >2/V3.

To comprehend (21) for the algorithm of the inherent
problem-solving in this case, the different phase-shift angle be-
tween the upper and lower duty cycles per phase has to be set at
0 rad (in phase) whenever the sum of modulation indexes My
and M7, is higher than 1.15 (2/1/3).

21

B. Difference-Frequency Mode

In this operation mode, the upper and the lower inverters are
operated with the different fundamental frequency by a given as
fu,1 # fr.1 for the upper and the lower duty cycles. Therefore,
the angles in brackets of fundamental components (i.e., w t for
sin(w t)) for upper and lower duty cycles per phase are exactly
unequal, as recognized in cases of the different phase-shift angle
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Fig. 7. Flowchart of the proposed phase-shift SVM strategy.
TABLE III
INTEGRATED EXPRESSION OF THE PROPOSED STRATEGY

Conditions Modes Expressions
My = My  Common-frequency 0 < [¢py —dr|<2mr My =M, < 1/\/§
| —dr|=0 My = Mp > /1V3
Difference-frequency 27 fy 1t # 2w fr 1t My = My </1V3
My # M;  Common-frequency 0 < |¢pg —¢p|<2r My + My <2//3
l¢g —¢ér|=0 Mg+ My >2/V3
Difference-frequency 2w fy 1t # 2w fr 1t Mg + My < 2/\/5

|¢n — ¢ | # 0 in the common-frequency mode. Thereby, the
conditional expressions of this mode can be formulated as

27TfH_’1t 7é 27I'fL71t,
21 faat # 27 frat,

where wy 1t = 27 fy 1t and wy, 1t = 27 f, 1t are fundamental
angular frequencies of fundamental components for upper and
lower duty cycles, respectively. With (22) and (23), it is implied
for the difference-frequency mode that the upper and the lower
duty cycles per phase can be operated without the crossover,
where the identical modulation index (My = M) is less than
or equal to 0.577 (1/ v/3) and the sum of modulation indexes for
the nonidentical modulation index (My # M) is less than or
equal to 1.15 (2/v/3).

According to this key section, the flowchart of the carrier-
based phase-shift SVM strategy is obviously illustrated in
Fig. 7. Eventually, the comprehensive expressions of the pro-
posed strategy are summarized in Table III. Among these al-

My =M, <1/V3
My + M <2/V3

(22)
(23)
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Fig. 8.  Experimental setup of the laboratory prototype.

gorithms, the upper and the lower duty cycles per phase just
touch only one point per cycle (not crossover) at the criti-
cal operating point. Therefore, it can be ensured that it stays
without the crossover of duty cycles per phase in the event of
0 <|¢n — ¢r| < 2m, including 27 fi 1t # 27 f, 1t. Besides,
the modulation indexes My and M, are able to be whatever the
value of the complementary sets from the preceding event, pro-
vided that |¢z — ¢r| = 0 rad, as well as 27 fy 1t = 27 fr 1t
Meanwhile, the duty cycles of phases A, B, and C controlled by
the proposed strategy are rewritten as dyjy 4. dyiy - diin ¢
for upper duty cycles and dij; 7, diiy v diiy, s for lower duty
cycles (see Fig. 6(b)). In addition, it can be seen as an exam-
ple for the identical modulation index technique, as shown in
Fig. 5(b), where all the performances of the proposed strategy
are then shown in the next section.

IV. SIMULATION AND EXPERIMENTAL RESULTS

The nine-switch inverter configuration of Fig. 1 operated by
using the proposed carrier-based phase-shift SVM strategy of
Figs. 6 and 7 has been simulated in the MATLAB/Simulink
environment and tested directly on a laboratory prototype. The
parameters of the simulation and the experiment are carried
out under the same set for a clear-cut comparison, as shown
in Table IV

A. Experimental Setup

Fig. 8 shows the diagram of the experimental nine-switch
inverter prototype loaded with two three-phase RL loads. The
nine-switch inverter was built by using nine IGBT switches.
Therefore, it is also controlled by the proposed strategy via a
dSPACE DS 1104 controller board and a CLP1104 Input/Output
interface board for real-time to generate PWM signals as a
part of the carrier-based PWM operation (see Fig. 6(b)), and
then transmitted to the exclusive or logical operation and gate
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Steady-state operation in the common-frequency mode using the phase-shift SVM with modulation indexesM ; = 0.95, M = 0.20 and phase-shift
angles ¢y = Orad, ¢, = 27 /3rad. (Top to bottom) Upper and lower duty-cycle signals dyjy; 4, dyfy, 7 line-to-line voltage vo  and phase current i4 of upper
inverter, line-to-line voltage vy vy and phase current i;; of lower inverter, and frequency spectrum of v g and vyv . (a) Simulation results. (b) Experimental results.
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results.

TABLE IV
NINE-SWITCH INVERTER PARAMETERS FOR SIMULATION AND EXPERIMENT

Parameters and Operating modes Values
Rated power of inverter 1 kW
DC-link voltage source (Vp ¢ ) 200 A%
Switching frequency (fsw ) 7.5 kHz
Dual-set of three-phase resistances (R) 40 Q
Dual-set of three-phase inductances (L) 20 mH
Fundamental frequency (fz 1, fr.1) Common-frequency mode 50 Hz
Difference-frequency mode ~ 25-100 Hz

driver boards with the deadtime of 4 ps in order to generate the
gate signals for all IGBT switches. Note that the experimen-
tal measurement employed a YOKOGAWA DLM 2000 Series
oscilloscope.

B. Simulation and Experimental Results

In terms of simulation and experimental results, the two three-
phase RL loads are used to operate for both common-frequency
and difference-frequency modes. The nine-switch inverter (up-
per and lower inverters) operating with common fundamental
frequencies at 50 Hz and different phase-shift angles (|¢1 — ¢ )
at 27 /3 and 47/3 rad are shown in Figs. 9-12, respectively.
Along with the difference-frequency mode, the result of fun-
damental frequencies set at 25 and 50 Hz is shown in Fig. 13.
Thereafter, dynamic performances of this inverter are shown in
Figs. 14-17. All the results are obtained from the expressions

of the proposed strategy in (16), (17), (20)—(23) within a linear
modulation index range of 0 to 1.15.

Fig. 9 shows duty cycles, output voltage and current wave-
forms, and frequency spectrums of the nine-switch inverter in
common-frequency mode. Based on the identical modulation
index technique of the proposed strategy in (16), the different
phase-shift angle (|1 — ¢2]) is set to the critical operating point
at 27 /3 rad. Here, the modulation indexes My and M, of up-
per and lower duty cycles, dyjy 4 and dyjy s, are optimally half
of the maximum value (0.577) accordingiy. This is illustrated
without the crossover of the duty cycles. Hence, the line-to-line
voltages vap and vyy of upper and lower inverters achieve a
stable feature with the same fundamental frequency at 50 Hz
along with the different phase angle of 27 /3 rad, corresponding
to phase currents 74 and 7;;, respectively. As a consequence,
the peak values of the fundamental components of line-to-line
voltages vap and vyy are identical to half of the dc-link volt-
age, as it is analytically calculated to be around 100 V, and their
THDy are also identical (about 120.70%). The experimental
results (see Fig. 9(b)) are illustrated in good agreement with the
simulation results (see Fig. 9(a)). This confirms the distorted
output voltage avoidance of the proposed strategy and it can
be engulfed worthily for the range of the different phase-shift
angle0 < |1 — ¢o| < 2.

For the nonidentical modulation index technique, as shown
in Fig. 10, with the same phase-shift condition as Fig. 9, ex-
cept that the upper inverter needs to supply a higher power by
My = 0.95. Therefore, the modulation index M, of 0.20 is
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Ramp-outage test of the upper inverter. (Top to bottom) Upper and lower duty-cycle signals dyjyy 4, dyfy, ¢/, line-to-line voltage vo  and phase current

i4 of upper inverter, and line-to-line voltage vy and phase current i;; of lower inverter. (a) Simulation results. (b) Experimental results.

chosen based on (20) in order to avoid the crossover of the duty
cycles. This leads to the nondistortion of output voltages and
currents. It is also seen that the measured waveforms, given
in Fig. 10(b), are corresponding to the simulated waveforms
in Fig. 10(a). Similar to Fig. 9(a), the frequency spectrums of
the line-to-line voltages vap and vyy appear as sidebands cen-
tered around multiples of a 7.5-kHz switching frequency, as
shown in Fig. 10(a), whereas the peak value of the fundamen-
tal component VAB_l is found to increase to 164.60 V with its
reduced harmonic magnitudes. This leads to a further reduction
in the THDy to 71.33%. In the contrast, the THDy of the
line-to-line voltage vyvy is increased to 237.26%, even though
its harmonic magnitudes are reduced. This is due to the fact that

the peak value of the fundamental component XA/UVJ of 34.52V
is nearly the harmonic components. The corresponding exper-
imental frequency spectrums of line-to-line voltages vap and
vyy are shown in Fig. 10(b).

Next tests of the critical operating point are shown in
Figs. 11 and 12. The different phase-shift angle (|1 — ¢2|) is
set to 47 /3 rad. Methodically, these results are tested by using
the same modulation index profile as those of Figs. 9 and 10,
respectively. As expected, the results are in good acceptable per-
forming with the different phase angle by 47 /3 rad along with
the same output profiles as those of their counterparts, Figs. 9
and 10, respectively. Note that the modulation index My can
be chosen to be higher than the modulation index My, such
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Dynamic response of the fundamental frequency fy ; variation with a step command from 25 to 100 Hz, while the fundamental frequency f7, ; is

kept constant at 50 Hz. (Top to bottom) Upper and lower duty-cycle signalsdyfy; 4, dyfy, ;7 » line-to-line voltage v p and phase current i 4 of upper inverter, and
line-to-line voltage vy vy and phase current 77 of lower inverter. (a) Simulation results. (b) Experimental results.

as My = 0.20, M; = 0.95; therefore, the fundamental com-
ponent magnitude of the line-to-line voltage vap will be lower
than that of the line-to-line voltage vyy .

Fig. 13 shows a set of the simulation (see Fig. 13(a)) and ex-
perimental (see Fig. 13(b)) results of the difference-frequency
mode using (22). The 50-Hz and 25-Hz fundamental frequen-
cies are applied to the upper and the lower inverters, respectively,
without the crossover of duty cycles by setting the modulation
indexes M and M at the same one-half maximum value for
simplicity. Thereby, the magnitudes of dual outputs are identi-
cal, including their THDy . However, the output waveforms of

the upper inverter display double-frequent waveforms in com-
parison to the lower inverter. In addition, it can also be observed
from the frequency spectrums that the distance between the
spectrums of the line-to-line voltage vap is twice as much as
that of the line-to-line voltage vyy. This can authenticate the
validity of the results and it is also evident that the proposed
strategy applied to this inverter is able to control independently
with different output fundamental frequencies.

Fig. 14 shows the system response of the lower inverter outage
testing in the common-frequency mode obtained from the ramp
controller of the modulation index M. This was done with
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the constant modulation index Mg for the entire duration. The
step-by-step procedure along with its corresponding expression
is clarified concisely as follows.

1) Among the first two cycles, the dual inverters supply the
maximum output power to dual three-phase loads by the
maximum modulation index My = M; = 1.15. Thus,
the dual outputs are only controlled to be in phase for the
output-distortion correction, as mathematically analyzed
from the identical modulation index technique, given in
a7.

2) In the next step, the ramp-down modulation index M,
from 1.15 to 0 is applied for two cycles. Its influence can
be observed by the linear reduction in the phase current
iy to 0 A. Based on the nonidentical modulation index
technique, (21), the in-phase dual outputs consequently
exist.

3) Then, the null output power of the lower inverter still
remains during two cycles. There is no distortion of output
voltages and currents due to the absence of crossover
of duty cycles. During this time, it is also pointed out
that it is possible to adjust the different phase-shift angle
(|1 — ¢2]) for all the radians.

4) Continuously, the power of the lower inverter is restored
linearly to supply the maximum power by the ramp-up
modulation index M without any impact on the upper
inverter output.

For this test, it can be also challenged in the upper inverter,
as shown in Fig. 15. This confirms the inverter flexibility for
dual outputs in the common-frequency mode application, such
as UPS, with the proposed strategy ruler. Note that, regarding
the line-to-line voltage vyvy of Fig. 14 and the line-to-line volt-
age vap of Fig. 15, the difference of the voltage waveforms
between the simulation and experimental results during 0.22 to
0.26 s is due to the switching noise generated by electromagnetic
interference phenomena, where the fast transition of voltages
and currents as well as the parasitic elements of the systems are
involved as a noise source.

The different fundamental frequencies proceeding with a step
variation and a fixed constant combine operation are presented
in Figs. 16 and 17. Fig. 16 shows the case of a step change
in the fundamental frequency f; ; from 25 to 100 Hz among
the constant fundamental frequency fr ; of 50 Hz. In terms of
the output responses of upper and lower inverters, the line-to-
line voltage vap and phase current 74 result in a good stable
waveform and its fundamental frequency remaining constant at
50 Hz. According to the duty cycle dyj; ¢, the corresponding
step change in the fundamental frequencies of the line-to-line
voltage vyy and the phase current ¢;; have a smooth transition
without any impact on the upper inverter output. As shown in
Fig. 17, the inverse operation is validated to clearly confirm
the independent flexibility of upper and lower inverters. That
means one of them can be operated for the fixed fundamen-
tal frequency application, such as UPS, while the other one
can be independently operated for the adjustable fundamental
frequency application, such as ASD. Incidentally, it can also be
pointed out that both upper and lower inverters can be simulta-
neously used in adjustable fundamental frequency applications.
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Fig. 18.  THDy of line-to-line voltages and THD; of phase currents of the
conventional two-level inverter and the nine-switch inverter using the proposed
modulation strategy and the conventional modulation strategy [20].

The matching simulation and experimental results can substan-
tiate that the dual outputs of this inverter can be theoretically
controlled one by one with the robust hardware system.

Fig. 18 shows the comparison between the conventional SVM
two-level inverter and the nine-switch inverter using the pro-
posed modulation strategy and the conventional modulation
strategy [20] in terms of the THDy of the output voltages
and the THD; of the phase currents. According to the proposed
strategy for overcoming the essential problem, its superiority
means it can maintain the qualities of the line-to-line output
voltages of both upper and lower inverters to be equivalent to
that of the conventional SVM two-level inverter, in the same
modulation index value; and hereby, the phase current wave-
forms are close to a sinusoidal feature with low THD,, as same
as the conventional modulation strategy. This can guarantee the
performance of the output distortion avoidance of the proposed
strategy for the entire duration of the linear modulation index
range.

Fig. 19 shows the high-order harmonic spectrums of the line-
to-line voltages with the modulation index at 0.577 of Fig. 18.
As shown in Fig. 19(a) and (b), the high-frequency harmonics of
the conventional two-level inverter and the nine-switch inverter
appear in a similar way at multiples of the switching frequency,
such as order of 150 and 300, etc. Although their magnitude
contents do not resemble, the THDy are identical. This is due
to the sum of harmonic components is identical. Compared with
the conventional modulation strategy [20], the proposed modu-
lation strategy provides the same harmonic content, leading to
the identical THDy , as shown in Fig. 19(b) and (c).

To compare the current harmonics between upper and lower
inverters of the nine-switch inverter, Fig. 20(b) shows the simu-
lated harmonic spectrum up to order of 40 for phase currents i 4
and 7y under the proposed strategy of identical modulation in-
dex technique, as can be viewed their corresponding waveforms
given in Fig. 9(a) and the operating pointat My = My = 0.577
of Fig. 18. Although the magnitudes of fundamental components
I 4,1 and I .1 are equal as well as their THD;, the harmonic con-
tents are not such a manner. Besides, it can be observed that the
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Fig. 19.  High-order harmonic spectrums of line-to-line voltages with modula-
tion indexes at 0.577. (a) Conventional SVM two-level inverter. (b) Nine-switch
inverter using the proposed modulation strategy with phase-shift angles o7 = 0
rad, ¢;, = 27 /3 rad. (c) Nine-switch inverter using the conventional modula-
tion strategy [20].

triplen harmonics are absent in both phase currents 74 and 7.
As expected, these details are similar to those of the conven-
tional modulation strategy [20], as can be seen in Fig. 20(c).
In addition, the current harmonics produced by the nine-switch
inverter appear in the same sidebands as the conventional two-
level inverter (see Fig. 20(a)), whereas their magnitudes are
higher, leading to the higher THD;. This is due to the sharing
of the middle switches between the upper and lower inverters of
the nine-switch inverter. However, all these low-order harmonic
magnitudes are also lower than 0.2% of fundamental compo-
nents. This is due to the effects of RL load filters.

The test of two different loads for a combination of UPS and
ASD in real applications is additionally simulated in Fig. 21,
where the relative parameters are reported in the Appendix (see
Table VI). As herein for the UPS, the upper inverter is applied
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Fig. 20. Harmonic spectrums of phase currents with modulation indexes at

0.577. (a) Conventional SVM two-level inverter. (b) Nine-switch inverter using
the proposed modulation strategy with phase-shift angles ¢y = 0 rad, ¢ =
2 /3 rad. (c) Nine-switch inverter using the conventional modulation strategy
[20].
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Fig. 21. Dynamic response of a combination of UPS and ASD applica-

tions for two different loads under the speed reversal operation from —750 to
750 r/min. (Top to bottom) Upper and lower duty-cycle signals dy} A i U

line-to-line voltage v p and phase current i 4 of upper inverter, and line-to-line
voltage vyvy and phase current ¢;; of lower inverter, motor speed 7, , motor
torque T, .

to supply three-phase inductive loads. Besides, for the testing of
the ASD, the lower inverter is used to drive an induction motor
following the indirect field-oriented control scheme assigned in
[23]. As can be seen in terms of duty cycles, the absence of
the crossover between upper and lower duty cycles per phase
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TABLE V
COMPARISON OF PERFORMANCE EVALUATIONS

Comparison Dehnavi et al. Dehghan et al.  Gao et al. [20] Proposed
[18] [19]

Modulation SVM (Timing  SVM (Timing SVM SVM

method calculation) calculation)  (Carrier-based) (Carrier-based)

Phase-shift in X Case-by-case  Point-by-point  All radians

common- (only

frequency My = Myp)

Difference- v v v v

frequency

v~ Available X Unavailable.

is completely performed. Consequently, it is evident from line-
to-line voltage vap and phase current 74 that the stability of
the upper inverter can be reliably maintained for the entire du-
ration. Meanwhile, the speed reversal of the lower inverter is
abreast operated within —750 to 750 r/min. Accordingly, the
corresponding motor torque 7, is proportionally in accordance
with the phase current ¢y along with the line-to-line voltage
vyv, resulting in a smooth transition and stable behavior, as
well-worked in a four quadrant ASD application. Consequently,
it can be truly guaranteed that, based on the algorithm of the
proposed strategy, the nine-switch inverter can be allowed to
independently operate for two different loads or applications
without affecting each other.

All the key results can corroborate the feasibility of the
proposed strategy applied to this inverter and its performance
evaluations compared with the existing and well-known strate-
gies in [18]-[20] are represented in Table V. A set of SVM
techniques is realized. Closed up to the phase-shift operation
(¢ — &1 | # 0) for avoiding the problem of interest in the
common-frequency mode, the SVM-based strategy proposed in
[18] is regardless. Along with the strategy in [19], it also ad-
vances with the case-by-case indication, which calculates from
several equations. This leads to more complicated implementa-
tion for the controller. Moreover, it handles only the identical
modulation index technique. Since the carrier-based SVM strat-
egy applied in [20], it is presented as a point-by-point application
and depends on many complex variables, as acquired in (14) and
(18). This is evident in more extreme analytical computation.
Hereupon, the simplified strategy based on carrier-based SVM is
consequently proposed in this paper. With the proposed strategy,
it can clearly operate for all the radians in the simple functions
and these are also able to cover for the difference-frequency
mode, which is appeared wherewith in the other works.

V. CONCLUSION

In this paper, a phase-shift strategy of the carrier-based SVM
for the nine-switch inverter has been proposed to approach the
well-evolved solution of the output voltage and current distor-
tion problem, which is caused by the crossover of upper and
lower duty cycles per phase, for both common- and difference-
frequency modes. With the analytical synthesis, the proposed
strategy is simplified based on the critical operating point
theory for both identical and nonidentical modulation index
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techniques, as it makes sense to algebraically derive the disorga-
nized mathematical expressions for reducing complex variables
and numerous computations. The simulation and experimental
results are significantly recognized that the proposed strategy
can avoid such a problem for all the radians, which is neither
of case-by-case nor of point-by-point usability, of the different
phase-shift angle between dual terminals. As far as the results are
concerned, they demonstrated in good stability of steady-state
and dynamic performances. This can confirm the theoretical
validity of the proposed strategy as well.

APPENDIX

TABLE VI
PARAMETERS OF TWO DIFFERENT LOAD TEST

Specifications of a nine-switch inverter Values

DC-link voltage, switching frequency (Vp ¢, fsw ) 550V, 7.5kHz

Upper inverter for UPS application ( Vjpase,1 = 110 V, 50 Hz, Z = 40 + j27 Q)
Lower inverter for ASD application

Power rating, voltage rating, current rating 1/2 hp, 400 V, 1.05 A

Motor torque rating, motor speed rating 2.6 N-m, 1360 r/min

Stator and rotor winding resistances (R, R, ) 30,31.49Q

Stator and rotor leakage inductances (L;s, L, ) 0.0942 H

Frequency, poles, magnetizing inductance (L, ) 50 Hz, 4 poles, | H
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Abstract

In this study, a modified ripple correlation control (RCC) maximum-power point-tracking (MPPT) algorithm is proposed for a
single-stage single-phase voltage source inverter (VSI) on a grid-connected photovoltaic system (GCPVS). Unlike classic RCC
methods, the proposed algorithm does not require high-pass and low-pass filters or the increment of the AC component filter
function in the voltage control loop. A simple arithmetic mean function is used to calculate the average value of the photovoltaic
(PV) voltage, PV power, and PV voltage ripples for the MPPT of the RCC method. Furthermore, a high-accuracy and
high-precision MPPT is achieved. The performance of the proposed algorithm for the single-stage single-phase VSI GCPVS is

investigated through simulation and experimental results.

Key words: Arithmetic mean function, Grid-connected photovoltaic system, Maximum-power point tracking, Ripple correlation

control, Single-stage single-phase voltage source inverter

I. INTRODUCTION

A grid-connected photovoltaic system (GCPVS) with
single-stage single-phase voltage source inverter (VSI) is a
direct power conversion from a photovoltaic (PV) array into
the utility grid. GCPVS consists of a PV string, a decoupling
capacitor, a half/full-bridge inverter located through the
inductor, and a controller unit, which are shown in Fig. 1.
This topology is a buck-type string inverter where the
suitable DC bus voltage is mostly required at the least highest
peak value of the utility grid voltage. It is favored for a few
kilowatt ranges due to its benefits of high efficiency and
reliability, small size, uncomplicated control method, and low
cost [1]-[7]. With the controller unit, the maximum power
point (MPP) of the PV string can be continuously achieved in
every operating condition and in the power control.

The improved designs of the perturb and observe (P&O)
methods, which were in accordance with the MPPT
algorithms, were presented in [8]-[12]. All of these
algorithms provide higher performance compared to the
classical P&O method. A power measurement was proposed
in [9] to precisely identify how much power change was
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produced from the change in irradiation, which is called the
optimized 0P -P&O method. This method can track the MPP
accurately. In [10], the direction of varying irradiation can be
estimated correctly. On the basis of this method, the power
losses caused by rapidly changing irradiation can be
significantly reduced. However, to accomplish the two
solutions reported in [9] and [10], the controller still requires
more time and higher performance. In [11], a wide-bandwidth
DC voltage control loop of the P&O method was improved.
However, this method cannot efficiently ensure the stability
of the PV system at any operating condition. In [12], a proper
design procedure for the sliding-mode controllers was
compiled to ensure the stability of MPPT requirements, but
this method needed the low-pass (LP) filter and was much
more complex than the classical P&O method. The hill
climbing and incremental conductance MPPT algorithms
were reported in [13] and [14]. The performance of both
MPPT methods depended on the sampling time and the step
size of perturbation. By contrast, the ripple correlation control
(RCC) MPPT algorithms were proposed in [15]-[20].
Compared with the method in [9]-[12] and [13], [14], the
RCC MPPT method does not need the step perturbation to
achieve the MPP due to the inherent gradient increment
feature approach to the MPP, which can be simply
implemented through an analog or digital circuit. The use of
the RCC MPPT method for a DC-DC converter, which

© 2017 KIPE
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proved the high performance of this algorithm, was reported
in [15] and [16]. An extreme seeking method for the RCC
MPPT method used for a grid-connected inverter was
proposed in [17]. Based on this method, the HP filter is still
used to obtain the desired ripples. In [18], the modified
extreme seeking control for a boost DC-DC converter was
also reported. In [19], a combination of the RCC MPPT
method and the model reference adaptive control method was
addressed to eliminate the overshoot produced by using the
conventional MPPT algorithm. In addition, an RCC MPPT
method for the single-stage single-phase GCPVS was
introduced in [20]. This method requires the first-order HP
and LP filters to generate the ripples of the PV power, PV
voltage, and desired average value of the ripple product.
However, some of the drawbacks to these ripples and this
average value depend on their time constants and the need to
eliminate the AC component, which is included in the
measured PV voltage, for a PI voltage controller. Most of
these drawbacks are results of the reduction in the
performance of tracking and the efficiency of the PV system.

To solve these drawbacks, the utilization of the moving
average filter, which is sometimes called arithmetic mean
function, is used in many applications [21] and was firstly
applied into the MPPT algorithm for the single-stage
single-phase VSI GCPVS in [22] and [23]. This development
modifies the conventional RCC MPPT method, which then
enabled the method to simply and precisely extract the valid
AC and DC components required in the MPPT method
without the carefulness of the time constant designs in HP
and LP filters and the increment of the AC component filter
function in the PI DC voltage controller. In this study, the
modified RCC MPPT method for the
single-phase VSI GCPVS is extended with deep analysis and
comprehensive study on the accounts of the arithmetic mean
function principle along with its modification in the proposed
MPPT method, the selection of the suitable integral gain for
an integrator in the proposed MPPT method, and the details
of the cascade loop controllers for the single-stage
single-phase VSI GCPVS. Moreover, the modified RCC
MPPT method is challenged by the simulation results directly
compared with the experimental results, which can confirm
the feasibility of the proposed control scheme for the
single-stage single-phase VSI GCPVS and can also be
compared with the existing and well-known RCC MPPT and
P&O MPPT methods.

single-stage

II. CONVENTIONAL RCC MPPT METHOD

The zero partial derivative of the PV power to the PV voltage
OPpy / Vpy =0 is the essential value used to verify the MPP of
the PV system. Furthermore, the change in PV power dp,,
and the PV voltage 0v,, act as the AC components or the

ripples of the PV power Py, and the PV voltage Vpy,

PV Array VSI Ly

BeS ! i
NP

Controller
Unit

Fig. 1. The power scheme of the single-stage single-phase VSI
GCPVS.

respectively, which can be described as follows [20]:
Prv o Py (1)

Voy  OVpy
In [8]-[12], the MPP of the PV systems is achieved by
adapting the function of the derivative of power to voltage in
terms of ripples in Eq. (1) to avoid the critical calculation of
the instantaneous power and voltage ripples by averaging the
product of these ripples with the PV voltage ripple ¥

PV 2

which is given by
P
- (ppvvpv)dt = =~
OPpy ~ Trip I.—[T ~ PovVpy 2)
= - =
NVpy L I ~13vdt VoyVpy
Trip t-T

where T, isa cycle time of ripples. On the basis of (2), the
sign of the derivative of power to voltage can be adapted

directly along the average of the product p,,V,, due to the

average of Vj,, which is always a positive value. Therefore,
this sign value is adequate to track the MPP PV voltage as
follows:

=+10if V> Vpy

. [0 N e .
s1gn[th 51gn( vaVPv) =0 if V=V . (3)
Py =-1 if v

MPP < VPV

Three situations of the sign signal are +1, 0, and -1,
and they are used to indicate an increase, standby, and
decrease in the PV voltage v,, for tracking the MPP PV
voltage v,,,,, respectively. To achieve the sign as (3), the

power and voltage ripples have to be obtained correctly as the
basic theory of the AC components or ripples, which is
calculated by

Pev = Ppy — Ppy and Vpy = Vpy = Vi, 4)
where p,, and V,, are the average PV power and PV

voltage, respectively. Furthermore, a method that obtains the
desired ripples exploited by the conventional RCC MPPTs
[15]-[20] is used in the HP filter to avoid the DC component
and let the LP filters average the product of ripples P,V -
Although the use of the filters is not complex and achieving
the desired ripples or average with only one process is easy, it

still has some drawbacks with respect to the definitions of the
suitable time constants for the HP and LP filters to produce a
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high level of accuracy of the sign signal, which is still
required as a period of time to expand the time delay for
indicating the MPP of the sign signal. As mentioned, to
improve the method that aims to harvest the
high-performance MPP indicator with the desired sign signal,
the modified RCC MPPT method is then proposed using the
arithmetic mean function algorithm, which is discussed in
Section III.

III. PROPOSED MODIFIED RCC MPPT METHOD

Using the proposed modified RCC MPPT method, which
is directly based on the operation of the sign signal, it is
dependent on the average product between the ripples of PV
power P,, and PV voltage V,, , which are used for
tracking the MPP. With this method, the conventional method
discussed in Section II is modified by applying the arithmetic
mean function principle, as further discussed in Section I1I-A,
instead of the HP and LP filters to extract the AC components,
which are the ripples of PV power f,, and PV voltage V,,,

and the DC components, which is the average product of

PpyVpy , respectively, as analyzed in Section III-B.
Subsequently, the relative selection of the suitable integral
gain K, in the proposed MPPT algorithm is accordingly
considered in Section III-C. Additionally, the cascade loop
control represented by the DC voltage controller and the

grid-connected current controller is addressed in Section
1I-D.

A. Principle of Arithmetic Mean Function

The typical principle of the arithmetic mean function (MF)
in continuous-time domain [21], with the arbitrary input
signal X(t), can be defined as

X(t) = Ti [ t_TW x(tyd, )

where T, is the time window width used to calculate the
arithmetic mean function of the input signal Xx(t). To
determine its behavior in the frequency domain, by taking the
Laplace transform into (5), the transfer function of the

arithmetic mean function can be expressed as

_X(s) 1-e™
MFEyc(8) =~ ® Ts (6)

Replacing S= jw in (6), the arithmetic mean function

characteristics through the bode plot for giving T,=0.01 s

with consideration of low frequency (1 Hz) to high frequency
(1 kHz) is represented in Fig. 2(a). In this figure, the
arithmetic mean function can block the AC component of the
input signal x(t) for all the integer multiples of frequency

1/T, . This finding means that it can easily extract the DC

component in the input signal x(t), which has the
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Fig. 3. Block diagram of proposed modified RCC MPPT method.

fundamental frequency f,=1/T,, with good odd and/or

even harmonic elimination.
The pure AC component of the arbitrary input signal x(t)

can be achieved by modifying the operation of the arithmetic
mean function as follows:

() =X %) = X0 - =[xt ™)

Likewise, its frequency appearance can be checked by
taking the Laplace transforms in (7). Thus, the transfer

function is
X(G) e™+T.s—1
MF,.(s) = () _ w
X(s) T,S

The bode plot of (8) is shown in Fig. 2(b) with the
capability of pure AC component extraction in the input

=1-ME,.(s). ®)

signal X(t), which means that it can provide the desired peak
value without shifting the phase of the AC component for the
case of the fundamental frequency of the input signal x(t)

being f,=1/T,.

B. Modified RCC MPPT Method

As shown in Fig. 3, the key idea of the proposed modified
RCC MPPT method is using the arithmetic mean function,
which is a much simpler theoretical principle with high
precision of DC and AC component extractions regardless of
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the complicated design of the relevant parameters in time
constants compared to other filters. First, to achieve the
ripples of PV power p,, and PV voltage V,, from the

measured instantaneous PV power p,, and PV voltage

V,y , respectively, these ripples can be obtained using the

concept of (7), resulting in

T T
Poy = Ppy —2f IOZ Ppydt and Vpy = vy —2f _[02 Vpydt. ®

In (9), due to the proposed MPPT method applied in the
single-stage single-phase VSI GCPVS, the grid frequency is
f=50Hzand T =1/f is a time period of the grid. Thus,
the frequencies of the ripples of PV power p,, and PV

voltage V,, are twice the grid frequency (100 Hz).
Therefore, the time window widths used to calculate the
ripples of PV power P,, and PV voltage V,, are set at
T,=1/2f =0.01s, which produces pure ripples of the PV
power pP,, and PV voltage V,, with the desired peak

values of the ripples and the constant 100 Hz frequency, as
exemplified in the shaded area of Fig. 2(b).
After achieving the ripples of the PV power p,, and PV

voltage V,, of Eq. (9), the product of the ripples {,,V,, is
then activated and its frequency still resembles the ripples of

the PV power p,, and PV voltage V,, . Consequently, the

PpyVpy can be forwarded into the
processing of the sign signal computation by considering the

concept of (5) as

average of product

T
PovVpy = 2f IOZ Py - Vpydt . (10)

From Eq. (10), it is also achieved using the same time
window widths T,

w s (9), which is why the DC component
can be surely decomposed by blocking the 100 Hz product

ripple P, V,, component, as illustrated in the shaded area of

Fig. 2(a), as well as the other integer harmonic components in

the product ripple p,,V,, . In addition, the average PV

voltage V,, is obtained by the same algorithm of (10),

which further uses the design of the DC voltage controller
(see Section III-D).

Then, the computation of the sign signal is conducted in
the same way as (3) by using the comparative condition

between the average product PpyV,, obtained from (10)

and the reference zero to build the sign signal for tracking the
MPP with a high precision and convenient mathematical
implementation based on the account of the typical principle
of the arithmetic mean function. However, the performance
of the proposed MPPT method is also dependent on the

defined value of the integral gain K, . The selection

principle of the suitable integral gain K, for the system is

60 _ ; '
401 Sign e Lo
| e .. DKy =50 @—K,, =20 -1
t s @Ky i=40-B)+Ky =10
60. i ®WK“‘.:30 |
(] 0.5 1 1.5 2 2.5 3 Time(s)

Fig. 4. Criteria for selecting the integral gain K, .

PV Array
sign Voy
_ Modified A
Vpy RCC Ipv )
C
YT
Dc Voltage  Grid-connected ARl
Comrolleri* Current Controller Cz Cl
od

V,

dq y* Unipolar g
1/ Pl |

DE <« Decoupling Process

Utility Grid
Fig. 5. Power and control scheme of proposed MPPT algorithm
for single-stage single-phase VSI GCPVS.

explained in the following.
C. Selection Principle of Integral Gain K,

To generate a voltage waveform for detecting the tracking
of the sign signal, an integrator, which produces a linear
characteristic for the output with the speed depending on the
slope offered by the integral gain K , is transformed as

Vik = sign( ppvvpv) ’ (J. Kdvdt)’ (11)
where v, 1is the tracking voltage, which is a relative ramp

output varying in accordance with the tracking of the input
sign signal and K, is the integral gain of an integrator.

To reasonably select the suitable integral gain K, (see
Eq. (11)) and achieve a good performance of the proposed
MPPT algorithm for the single-stage single-phase VSI
GCPVS, the simulated examples of the tracking voltages
vy with five different integral gains K,, of 50, 40, 30, 20,
and 10 are illustrated, as shown in Fig. 4, in a case study of
upward (-1—-0—+1) and downward (+1—0—-1) transitions
of the sign signal. The sign signal attempts to track the MPP
with the sampling time of 2 s for a visible description. In the
figure, the sign signal is initially —1, which leads to the
continuous ramp down of each tracking voltage v, (see

lines ©®, @, @, @, and ®) from t=0 s with their slopes
corresponding to the integral gains K, . When the sign

signal can meet the MPP at t=1 s, it is immediately
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changed to +1 and the tracking voltages V., are also
changed as ramp-up responses. The tracking voltages V.
with the high integral gain K, =50 can reach the MPP

faster than those of the other gains. However, it also behaves
as a large ripple, which is generally undesirable in PI
controllers. By contrast, the tracking voltages v,, may be
MPP with low
integral gain at K, =10. Therefore, the use of the integral

too slow and unable to capture the

gain K, =20 is effective enough for the proposed MPPT
method, which means that it is fast enough to track the MPP
with the agreeable compromise of the ripple magnitude of the
tracking voltages V;, , which is further transferred to a part

of the cascade loop controllers, as shown in Fig. 5.

D. Cascade Loop Controllers

In the DC voltage controller, the PV voltage reference V,,
is generated by summing the rated MPP voltage V,,, and
the tracking voltage v, given by (11) to control the PV
voltage V,, that always operates on the MPP voltage V,;, .
Here, it can be expressed as

V;v = Vawp + Vix» (12)
where V,,, is the initial value around the rated MPP
voltage at the standard test condition (STC) of the PV array.
To regulate the PV voltage v,, following the MPP voltage

of the PV array drawn by the reference PV voltage V;V ,aPI
DC voltage controller is used to eliminate the steady-state
error and achieve the MPP voltage, which is based on
Kirchhoff’s current law at the connected point among the PV
array, the capacitor, and the inverter input terminals (see Fig.
5) as given by

L dv

io=i,-i.,=C—5, 13
where iy, is the instantaneous input current of the inverter.
Generally, the inverter and inductor filter (L, ) of the system

are limited and have been omitted. Moreover, the PV power
ppy is the sum of the instantaneous capacitor power p.

and the instantaneous grid power p, , which is equal to the
instantaneous input power of inverter p,. . The reference
grid power can be calculated as
.o . dv,
Py = Py = Vpy (Ipy — Cd_tC) . (14)
From (14), to avoid some ripples included in the reference
grid power p; , the average PV voltage V,, can be replaced
with the instantaneous PV voltage v,,, with the existing
average PV voltage V,, , without extending the delay time.
In the grid-connected current controller, the main control

objective for the proposed single-stage single-phase VSI
GCPVS is to inject the active power into the grid with a unity

power factor, which is based on the standard decoupling
single-phase current control [7, 10]. From Eq. (3) and Fig. 3,
if the average PV voltage V,, is higher than the reference

PV voltage Vv, , then the average PV voltage V,, has to be

reduced by increasing the grid current i , and then v,, is

g b
negative and V,, is positive. The value of the reference PV
voltage v, is compared with the average PV voltage v,

to generate an error signal. This signal is inputted into the PI
voltage controller that determines the reference active power

*

current component i, , whereas the reference reactive power

current component i;q is

. .20,
g =—— and |gq:V— =0, (15)
ad gd

where q; is the reactive power, V,,V, are the d-q

axis grid voltage components, V,, = |\7g| is the peak value of

the grid voltage V,, and the grid voltage of q axis is set to
zero,V, = 0. From (15), the required reference inverter

voltage and the PI current controllers with a decoupling
process are used to regulate the reference inverter voltage

components, V., and V.

oq ?

{VZ“} =L, 1{?;} ol {_.iﬂ + {ng} . (16)
Voq dt| iy, Igq 0

From the preceding equation, the variables are transformed

which are calculated by

tothe a—f axis reference inverter voltage component V.,
by the position of the grid voltage (Hg). A pulse width

modulation (PWM) with unipolar technique is used to define
the reference inverter voltage in the PWM block (see Fig. 5).
A simulation model in MATLAB/Simulink is built to
investigate the performance of the considerable system
working with the proposed MPPT method with a comparison
between the selective integral gain K, =20 and the other

gains extending the discussion in Section III-C. Moreover,
the relevant parameters in Section IV (see Table I) are carried
out, as shown in Fig. 6. In the first condition, the irradiance

G, steps down from 1000 W/m* to 600 W/m> (see Fig.
6(a)). K, =20 is selected, and the reference PV voltage

Vpy in Fig. 6(b) and the reference active current iy, in Fig.
6(c) are changed from the original MPP operation to the new
MPP operation, where their speed MPP convergence is faster

than that of the lower integral gain K, =10. However, it is

almost the same as those of the higher integral gains, but has
a lower ripple, which is also more effective to transfer and
operate PI controllers in DC-voltage loop control and
grid-connected current loop control (see the zoomed period in

Fig. 6(c)). The corresponding PV power p,, can be
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N’E\ 1000 TABLEI
= MAIN DESIGNED PARAMETERS OF PV SYSTEM
g 600 o Parameters Values
‘—5 200 - a-Si-based PV module (LSU58, Kaneka):
E Maximum power in STC (Pnep) 58 Wp
S sle Open-circuit voltage in STC Voo) 85V
g 506 MPP voltage and current in STC (Vwmep, hvipp) 63V,092 A
G - K, =20 |iwas PV array:
> 496 (D~Ky=50 %'”Kd 3 %-Kf 10 (b) Rated power (Praed) 928 W
A : Rated voltage and current (Vrateds lrated) 504V, 1.84 A
@ 6.0 H-bridge VSI:
:;) 35 Capacitors and inductor (C1,Cy) 2200 pF,8 mH
3 Switching frequency (fow) 14 kHz
10 PI controllers:
~ 1000 Dc voltage controller (Kpws Kiy) 0.08, 0.35
z’ 600 Grid-connected current controller (Kpe, Kic) 15,2000
£ Single-phase utility grid:
= 200 Grid voltage and frequency (Vg f1) 220V, 50 Hz
35 50 65 80 95 11.0 125 14.0 15.5 Time(s)
1000 — it © computer (PC) system, where the sampling time rates of the
= === Downward Change ..~~~ i .
750 cascade loop control are given by the DC voltage control and
g f@ the grid-connected current control are set at 100 and 10 ps,
E 0 e i ™ respectively. The second part is the hardware included in the
& 2501 —— ® PV array source and the grid-connected VSI, which is
o @ controlled by the PWM signals with a deadtime of 4 ps. For a

250 350 450 550 650
Voltage (V)
Fig. 6. Dynamics of power and control performances.

observed in Fig. 6(d), where the MPP PV power can be
achieved and has a good step change from approximately 952
W to 556 W according to the step change of the irradiance

G, for all of the considerable integral gains, due to the

agreeable work of the cascade loop controllers. This finding
can also be examined by the corresponding P-V curve (Fig.
6(e)) from the MPP of period C to period D. Then, the next

step-down change was from 600 W/m* to 300 W/m? , and

the returned-upward step changes also provided the same
response, but only when operated at a different MPP, as
shown from the transition of the MPP in period D to period E
and the upward changes from period E to period D and
further to period C.

IV. SIMULATION AND EXPERIMENTAL RESULTS

In this section, the proposed system presented as
single-stage single-phase VSI GCPVS and the modified RCC
MPPT method, as shown in Fig. 5, has been verified by the
MATLAB/Simulink simulation environment, and the
experimental implementation has been conducted on the
laboratory prototype. Fig. 7 shows an overview diagram of
the experimental prototype of the proposed system, which
consists of two major parts. The first part is the controller
using a dSPACE DS1104 controller via a CLP1104
input/output interface board commanded by a programmable

direct comparison, the parameters are set to be the same for
the simulation and experiment, as shown in Table I.
Significantly, the investigation considers the following
points: i) to demonstrate the authentic precision of the
proposed MPPT algorithm for the single-stage single-phase
VSI GCPVS, ii) to demonstrate the dynamic performance of
the proposed MPPT algorithm applied in the single-stage
single-phase  VSI GCPVS for interfacing with the
single-phase utility grid, iii) and to evaluate the performance
of the proposed system.

A. Precision of Modified RCC MPPT Method

Fig. 8 shows the close-up operation during the leading
edge of the sign signal and the reliability of the proposed
modified RCC MPPT method. This process is performed by

commanding the PV current i,, from 0 A to 1.25 A. Upon
commencement (in area A), the PV power p,, islower than
the MPP, which means that the MPP voltage is also lower

than the PV voltage V,, . Therefore, in this area, the average

of the ripple product P, V,, is maintained below 0, leading
to “—1” for the sign signal. Consequently, the PV power p,,
and the PV current i,, are continuously increased, except
that the PV voltage v,, is reduced. When the PV power
p,y is identical to the MPP, then the sign signal is precisely
“0”. The exact MPP occurs at the knee point of the PV power
Py, and it can also corroborate the methodical precision of

the proposed MPPT algorithm. Furthermore, the PV voltage
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V,y 1is lower than the MPP voltage and the sign signal is
immediately changed to “+1,” shown in area B. The PV

current i,, and the PV voltage V,, still increase and
decrease, respectively, and the PV power p,, begins to

reduce from the MPP accordingly. All those variables are
constant during the last 2 s period on the rightmost side until

the PV current i, is constrained as a constant of

approximately 1.25 A. By contrast, the sign signal again
changes from “+1” to “0” and “—1,” respectively, when the

PV voltage V,, or the PV power p,, are increased to the

MPP. This finding means that the proposed MPPT method
will always track the MPP to keep it constant. The good
agreement between the simulation and experimental results
can confirm the precision of the proposed MPPT method in
theoretical modeling and real plant systems, as shown in Figs.
8(a) and (b), respectively.

B. Dynamic Performance of Modified RCC MPPT
Method

The step response of the system based on the proposed
modified RCC MPPT method is shown in Fig. 9. At period D,

the PV power p,, is initially at the MPP of approximately

36% of the rated power with a single string of the PV array.
Then, it is changed to 72% of the rated power at period C by
connecting the other remaining string to the PV array.
Although the slight deviation of the PV voltage Vv,, is drawn

at the transient period, as observed in Fig. 9(a) (see the
second trace), the system with the proposed MPPT method
can immediately track the MPP. The system can also be
inspected with the slight error position of the MPP voltage in
the corresponding P-V curve at period D before changing the
MPP of period C. The grid-connected active current i,
accordingly provides a critical damped stepped-up response,

whereas the reactive component can be commanded to keep
the constant at zero, as shown in the third trace. Therefore, on

@Uﬁliry
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Fig. 7. Laboratory prototype setup of proposed system: (a) Diagram. (b) Photograph of hardware setup.

the next trace, the unity power factor of the voltage and
current for the grid side can be achieved in steady-state and
dynamic operations. Subsequently, these aforementioned
responses were conducted in the same way as the challenge
of the stepped-down PV power from periods C to D. The
experimental results are in good agreement with the
corresponding behavior, as shown in Fig. 9(b). Sequentially,
the instantaneous grid voltages Vv, and currents i, in the

steady state of periods D and C are shown in Figs. 10(a) and
10(b) with a good unity power factor expression and THD,

qualities below 5% by 2.74% and 1.29%, respectively.

To demonstrate the sudden variation in the irradiance, the
dynamic linear shading results of the simulation and
experiment are shown in Figs. 11(a) and 11(b), respectively.
The PV power p,, and PV current i,, are found to have a
linear change with time At=0.3 s. During the dynamic
response, the grid current i, is slightly affected and kept

constant without the overshoot of a new MPP operation.
Moreover, the P-V curves are shown with the corresponding
operating points. The simulated and experimental results are
also in good agreement, ensuring the validity of the MPPT
approach.

Fig. 12 shows the comprehensive performance of the
proposed modified RCC MPPT method (see Fig. 12(a))
because the beginning of the steady-state operation included
the shading condition compared with the conventional RCC
MPPT method (see Fig. 12(b)) and the P&O MPPT method
(see Fig. 12(c)). The realistic solar irradiances in the real

plant are 920W/m’ , 882W/m’ , and 910W/m’ ,

respectively. With the proposed MPPT method in Fig. 12(a),
the system is initially operated without the MPPT algorithm,
and hereby the utility grid is fed by 0 W along with the
absences of PV and grid currents, except that the PV voltage
reaches approximately 600 V as it is the open-circuit voltage
of the PV array. This operating period can be investigated at
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Fig. 8. Verification in accuracy and precision of proposed modified RCC MPPT method by increasing PV current i,, from 0 A to
1.25A. (a) Simulation results. (b) Experimental results.
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Fig. 9. Dynamic response of system using proposed modified RCC MPPT method for step change of PV power. (a) Simulation results.

(b) Experimental results.
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Fig. 10. Steady-state experimental waveforms of the grid voltage v, and current i, reported in Fig. 9(b) with (a) PV power p,, =375
W and (b) the PV power p,, =750 W.
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Fig. 11. Dynamic response of system using proposed modified RCC MPPT method for linear shading of PV power. (a) Simulation
results. (b) Experimental results.
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Fig. 12. Experimental results of system response since starting operation. (a) Modified RCC MPPT method. (b) Conventional RCC
MPPT. (c) P&O MPPT.
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period A in the corresponding P-V curve. When the proposed
MPPT algorithm is started during period B, the proposed
MPPT algorithm attempts to track the MPP from this period
to period C with the increments of the PV power and current,
but the PV voltage is decreased. Hereby, the instantaneous
injection of the grid current via the H-bridge VSI is then
conducted. Until the PV power reaches the MPP at 731 W in
period C, the PV current and voltage are approximately 1.68
A and 435 V, which is theoretically analyzed to be
approximately 79% of the open-circuit voltage. As expected,
it can supply a 682 W power to the interfacing utility grid.
Then, the 50% shading condition is also examined by
disconnecting a PV string, as shown from periods C to D,
where the response is similar to the stepped-down response
from periods C to D of the prior case study discussed in Fig.
9. The comparison between the proposed MPPT method and
the two results of the conventional methods shows that the
responses of the system in these three MPPT methods are the
same. That is, the performance of the proposed modified
RCC MPPT method is able to track the MPP, whether it is
the starting, dynamic changing or steady-state or any possible
shading condition, where the performance is equivalent to
that of the existing and well-known RCC MPPT and P&O
MPPT methods. Furthermore, during the step dynamic
changes for start and shading operations, the desirable
MPPTs are immediately satisfactory for all the PV voltage
Vpy , and the PV power p,,, PV current i,,, and grid

current iy , in accordance with the proposed method (see Fig.

12(a)), thereby conforming with those of the existing
methods in Figs. 12(b) and 12(c).

V. CONCLUSIONS

In this study, a modified RCC MPPT algorithm using the
simple arithmetic mean function has been proposed and
validated for the single-stage  single-phase  VSI
grid-connected PV system. This algorithm does not need
filters to generate the PV power and PV voltage ripples and
the average value of the ripple product. In addition, an AC
component filter is not required in the part of a PI voltage
controller. A high-accuracy and high-precision MPPT has
been achieved during steady-state and dynamic shading
operating conditions. The simulation and experimental results
confirm the performance of the proposed control algorithm
for the single-stage single-phase VSI grid-connected PV
system.
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