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Abstract

In this study, different methods were investigated to minimize the power imbalance between the stages of
a cascade H-bridge (CHB) multilevel inverter (MLI). First-in-first-out (FIFO) and first-in-last-out (FILO)
are two common staircase-modulation (SCM) methods. A CHB-MLI with FIFO modulation, even with
the same conduction times, cannot distribute power equally between the stages. A new algorithm is
presented in this study to balance the power between the inverter stages. This is important to increase the
lifetime of the PV sources that feed the inverter. To implement the new algorithm, all possible switching
patterns based on the angles obtained from the nearest level of control (NLC) method are defined as the
sample spaces of random variables. Subsequently, a random vector is defined for a set of random
variables, and an optimization problem with finite and discrete solutions is applied. This algorithm is
effectively used to minimize the power imbalance between the stages, even in impedance loads, from the
purely inductive to the pure capacitive range. In addition, with slight changes in the switching angles, the
operation of the stages and the inverter efficiency increases. Finally, the simulation and experimental

results confirm the validity and practicality of the proposed modulation.

Keywords: Power balancing, cascade H-bridge multilevel inverter (CHB-MLI), staircase modulation

(SCM), nearest level of control (NLC) utilization, total harmonic distortion (THD).
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Currently, MLIs have replaced two-level models in many applications. An MLI can produce an output
voltage that is closer to sinusoidal, thereby reducing the need for expensive filtering [1]. Among the three
different topologies of MLIs, CHB-MLI is the most widely used topology [2,3] and is based on several
single-phase series connections of H-bridge cells. This structure can generate a high voltage on the output
side using separate DC sources. This topology operates at high switching frequencies and produces an
almost sinusoidal output waveform. CHB-MLIs were developed at three, five, and seven levels according
to the structure and modulation methods [4,5]. Various modulation techniques have been proposed for
CHB-MLI [6,7]. Sinusoidal pulse-width modulation (SPWM) with phase change (PC) and level change
(LC) is the most popular high frequency modulations [8]. Low-frequency modulations such as SCM [9,10]
are preferable to high-frequency modulations in terms of switching losses, and do not require expensive
filters [11]. The problem with the SCM is that the output voltage cannot be increased or decreased over a

wide range. However, this can be achieved using the SPWM.

The advantage of CHB-MLIs is that they operate at high voltages and power, and their disadvantages
include unbalanced power distribution between the stages and the use of energy storage systems [12,13].
Inverters with photovoltaic (PV) sources are often used in the form of single-phase H-bridges to generate
electricity. They are equipped with advanced methods for modulation or topology of inverters [14].
However, the output-power imbalance for different stages has not received significant attention. The lack
of power balance between PV modules causes H-bridges to have more power losses. Some studies have
reduced the power deviation between stages by improving SPWM [15,16]. In three-phase inverters, a
power imbalance between the phases causes asymmetry in the network current [17]. However, the power
imbalance between the stages causes unequal switching losses and different conduction times for each
stage [18]. In [19], to balance the power between the phases and stages of a three-phase CHBMLI, DC
voltage isolation was used by intermediate transformers in a DC-DC converter, which is expensive.
Although intermediate transformers operate at high frequencies, the use of large capacitors is essential for
eliminating these high frequencies. A hybrid method of high- and low-frequency modulation was
implemented in [20], however, the problem was the existence of DC voltage fluctuations. In [21], power
deviations between cells and between phases were investigated separately for a three-phase CHB-MLI
connected to a grid with an unbalanced voltage. It was solved using a zero-sequence current source and
structure presented in [22]. In [23], a method for balancing the power with strong damping of the transient

response was proposed for a three-phase modular rectifier. In [24], CHBMLIs with high- and low-voltage
2



stages were considered, and hybrid modulation was applied for power balance between stages. A hybrid
SPWM based on low-frequency modulation for high-voltage stages and high-frequency modulation for
low-voltage stages was used in [25]. The power imbalances between the CHB-MLI modules were solved
in [26] by changing the modulation carrier. A trapezoidal carrier was implemented instead of a triangular
pulse, which helped reduce the power imbalance. However, some studies have used low-frequency
modulation to reduce the power deviation between the inverter stages. In [27], a different turn ratio for a
single-phase transformer-based CHB-MLI was used to approximate the balance power between the stages.
The need for expensive and bulky filters, owing to the presence of a transformer, is a disadvantage of this
method. However, the power imbalance problem in low-frequency modulation methods such as SCM for
transformerless inverters, has rarely been considered [28]. The power imbalance in FILO using the angles
obtained from the NLC [29] method is mostly observed in resistive loads. In contrast, the FIFO method is
problematic for inductive or capacitive loads and has an almost uniform distribution for resistive loads. In
[28], a method for achieving power balance between stages using the switching angles of each half-cycle
was proposed. In this method, the calculations increase exponentially with an increase in the number of

stages and start again by changing the load power factor.

In this study, a new algorithm called balanced power staircase modulation (BPSCM) is proposed to
minimize the power deviation between the stages. This algorithm was developed based on the power
analysis of inverter cells as the sample space of a random vector and can be implemented practically using
simple calculations. Therefore, the main innovation of this study is the development of an algorithm to
determine the switching pattern based on the SCM strategy, such that it can balance the power between the
stages of CHB-MLIs as much as possible for impedance loads with different load angles. This static
algorithm includes simple calculations that can be specified by the number of stages and does not depend
on the load angle. The above algorithm, in the form presented in this article, has not been reported in the
literature so far, and the existing methods based on low-frequency modulations include heavy and complex

calculations with load dependence.

The remainder of this paper is organized as follows. First, the power equations of the inverter stages are
studied using the existing SCM methods described in Section 2. Their strengths and weaknesses were
examined and analyzed using a few examples. Based on this, BPSCM is developed in Section 3 as a finite

and discrete optimization problem. An algorithm for its implementation is presented in Section 4. Section 5



presents a numerical analysis of the switching patterns for different stages. Some technical considerations
are provided in Sections 5.1 and 5.2. Section 6 presents and discusses the results obtained from the
simulation and the experimental setup. Both the results confirm the efficiency of the proposed method.

Finally, section 7 presents the conclusions of this study.

2. Analysis of stages power balance by SCM
First, the power of each stage in the MLI is calculated. For simplicity, a 3-stage CHB-MLI connected
to the impedance load is considered shown in Fig. 1(a). Fig. 1(b) shows the output voltage and current
waveforms of the inverter, which is operated by FIFO modulation. The current waveforms of all stages
and the inverter are the same. The output voltage is expressed as follows:
V(t) = Ve Sin(0), i(t) = ipme,Sin(6 + @), 0 = 2nfyt 1)

Where f, is the main frequency, and ¢ is the load angle. It can be positive for a capacitive-resistive

load, or negative for an inductive-resistive load.
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Fig. 1. A 3-stage CHB-MLI is fed by PV solar panels and operated by FIFO. (a) Schematic diagram. (b)

Output voltage of stages, output voltage, and current of inverter connected to impedance load.

The switching angles include superscript + for the positive and - for the negative half-cycle. It is
assumed that the average power is calculated for two half-cycles. This issue will be addressed in the
following sections. Each angle in the positive and negative half-cycles includes "on™ and "off" positions.
For example, 6, ; indicates the turn-on angle of the first stage in the positive half-cycle, and so on. It is
assumed that the DC sources for all stages are equal to V.. The average power for k-th stage in Fig. 1, or

Pay,s, 1S



9+ -
[V cimax Sin(0 + @) dO — f:i’fl':'k Vocimax SIN(O + @) dB} 2

+
Bon,k

1
Pav,Sk = _{

2

where i,,4, IS the maximum current of the impedance load Z = R + jX, which is equal to v,,,,/|Z|, where

|Z| = VRZ + X2 and ¢ = tan 1 X/R.

 Vpcimax { cos(@jn_k + (p) - cos(@jff‘k + <p) }

P = 3
avSk we—cos(Ogny + @) + cos(GO_ff_k +9) ©

2

The factor A = % was set to 1. In this case, the stage power in (3) has a per-unit value. The turn-on

angles in the positive half-cycle are:

Vv
Sin(0,,) = (k= 1+ ) —=

4)

vmax

where S is a coefficient between 0 and 1 [11]. If § = 0.5, the angles obtained from (4) are the same as

those obtained using the NLC method [30]. The modification of g is discussed in the following sections. It

can be assumed that 2 = %for N stages, and v,,,, IS the output voltage.

Umax
2.1. Calculating the output power of each stage

The turn-on angles in the positive half-cycle for the 3-stage inverter in Fig. 1 are obtained using (4) as

follows:

31

031 = sin~? (53) = 9.5941° , 65, , = sin™* (33) = 30.0°

®)
+ in—1 51 o
Oon3 = Sin (Eg) = 56.4427
For the FIFO method, the turn-off angles in the positive half-cycle and the turn-on and turn-off angles

in the negative half-cycle can be calculated as follows:

93ff,1 =T = Hgn,B 'ngff,z =T — 6’;'n,z 'Hgff,3 =T — 6'<;'n,1

Oopf1 =2 — 03,0557, =21 — 05,5, Oorrz =2m— 05,1 (6)

- — + - + - — +
gon,l =mn+ Gon,l ) Qon,z =mn+ Gon,z ) 9071,3 =n+ 90n,3

Therefore, the per-unit power of each stage is equal to:



p 3 { cos(8dn1 + @) + cos(055 — @)
avs1 +cos(02,1 + @) + cos(83 — @)

cos(Ogn2 + @) + cos(64,, — @)
Pav,52 = + + (7)
+cos(90n‘2 + (p) + COS(eon,Z - ‘P)
P 3 { cos(%’m + <p) + COS(GJM - €0)
av,S3 +cos(02,5 + @) + cos(8d1 — @)
The power of stages for resistive load or ¢ = 0 are as follows:
Pav,51|<p=0 = Pav,S3 |(p=0 = Z{Cos(et-;n,l) + COS(Q;n‘g)}:3-0776
C))

P, | 0= 2{cos(8,2) + cos(65,,)}=3.4641

The power of stages for a pure capacitive or inductive load, or ¢ = £90 obtained from (4), is equal to:

Pa,,‘51|¢=i90 = —2sin(04,1) + 2sin(64,5) = £4/3

Pav,52|(p 0o —ZSin(Hg'n‘z) + ZSin(Hg'n‘z) =0 )

Pa,,,%|w=i90 = +2sin(04,1) — 2sin(6,5) = ¥4/3
The power of stages in the FIFO for the resistive load is close to each other. However, for purely
inductive or capacitive loads, they are completely different, although the conduction time of each stage is
the same. It is shown by the dashed lines in Fig. 2. For the FILO, the following can be written:
Onrp1 =T — 001,001 = 21— O34

90+ff.2 =7 =050z, Ooff2 = 2T — Oz

(10)
053 =T —Opns,00pr3 =2M — 0,3
Oong =T+ 0501, Oonz =T+ 605,5,0003 =T+ 05,3
The power of stages is obtained using (4) for two load angles of ¢ = 0 and ¢ = +9 as follows:
Pa,,_51|(p=0 = 2{2cos(64,,)}=3.9441, Pa,,,52|(p=0 = 2{2cos(6;,,,)}=3.4641
Pav,ss],,_, = 2{2c0s(85,,3)}=2.2111 (1)

Pav,51|(p=i90 = Pav,Sz|(p=i90 = Pav,S3|(p=i90 =

As indicated by the solid line in Fig. 2, the FILO method has the highest power deviation between the
stages for resistive loads, and zero power deviation for inductive or capacitive loads. The algorithm in [28]
includes complex calculations and depends on the load angle, which is difficult to implement practically.
Each time the load angle changes, the switching pattern must be recalculated. The hardware required to

implement this algorithm is complex, and thus, its calculations take approximately 7 hours for a 7-level



inverter with a 1.2 GHz processor, which can be easily replaced by rotating the switching angles in

different cycles.
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Fig. 2. Average power of stages for the 3-level inverter, with FIFO in dash line and FILO in solid line.

The standard deviation of the two methods are also indicated on the right-hand axis.

2.2. Analysis of the least deviation of stages power

As shown in Fig. 2, it is desirable to find an algorithm that works like FIFO for resistive loads, and

FILO for inductive/capacitive loads. Because the average power is calculated in two half-cycles, as

shown in (2), the power of each stage includes two cosine terms. An inverter with N stages has N turn-on

angles during the first half cycle. Therefore, a pair of N angles should be selected, such that the sum of

their cosines is approximately equal. Consequently, the sum of the cosine of the angles can be attributed

to a random variable with a sample space of 2 combinations of N. For example, in a 3-stage inverter, 2

permutations of 3 cosine terms, including cos(6Z,,,), cos(64,2), and cos(67,, ) are considered as the

sample space of the random variable P, which consists of 6 terms as follows:

(cos(0,1) + cos(6,1),)

1.9732,
cos(Bgn,l) + cos(GJn‘z), 18526,
c0s(05n1) + cos(95n3),| _ | 15394, 1)
cos(8:,2) + cos(64,2), 1.7320,
cos(Bgn,z) + cos(GJns), 114%85%
cos(@é’ns) + cos(@é'n,3

The mean of P is equal to 1.6036. The absolute value of the standard deviation of the third element is

lower than those of the other elements. The lowest deviation belongs to the fourth element. Because the

angles obtained from (4) are ascending, their cosines are descending, and the sum of cos(agn,l) +




cos(84,3) is closer to the sum of cos(67,,,) + cos(84,,,). For example, for a 4-stage inverter, the sum of
cos(8:,1) + cos(65,,.4) should be closer to the sum of cos(67,,,) + cos(65,,3) than the other options. In
general, a selection 2 of N cosine terms that are closest to each other can be described as follows:
cos(8,1) + cos(6F,n) ~ cos(B5,2) + cos(8dun_1) =~ -
2¢08(6,, n+1/2) for N is odd (13)

cos(an,N/Z) + cos <9:nﬁ+1) for N is even
2

Note that this rule is not approximate for the sum of the sine terms of the first quadrant angles owing to
(4) but is exactly equal. That is, the sum of sin(6,,) + sin(64,3) is equal to the sum of sin(65,,,) +

sin(64,) or, in general, due to (4), the following is true:

sin(Ggfn_l) + sin(egfn,N = sin(egfn_z) + sin(Hgfn‘N_l) =
2sin(63, y+1/2) for N is odd (14)

sin(64,n/2) + sin <9:nﬂ+1) for N is even
2

Therefore, Eq. (8) provides the optimum switching pattern for a 3-stages inverter with ¢=0. From
circuit analysis, the power of inductive or capacitive loads is zero; however, the power of each stage may
be positive or negative. Consequently, some stages can consume power, which causes technical problems.
Therefore, the next goal of this study is to determine an algorithm similar to FIFO, in which the power of
each stage should be zero for net impedance loads. For this purpose, an optimization problem with finite
and discrete solutions and circuit constraints must be solved, as explained in the next section. From the
solution of this optimization problem, it is concluded that the power deviation of the stages has a maximum
value for the load angle @=0. In other words, the power deviation between stages is smaller for ¢#0.
Therefore, the focus of the algorithm design is to minimize the power deviation for the load with ¢=0, and

complex calculations are no longer required for each change in ¢.

3. Optimization problem to balance power of stages
The discrete and finite solutions of the following optimization problem subject to the corresponding

constraints provide an optimal switching pattern that balances the power between the stages.

min {maxq,{U ?(Pay,s, 0, q’)}}

subject to: 6%(Py,,5, 0, +m/2) = 0

(15)



where @ is a random variable with a sample space of discrete intervals from —m /2 to +m/2 in steps of A®

degree. The random variable of stage S includes the sample spaces s; to sy.
@ ={[-n/2,+n/21}, © = {8501, 0n,2) +» Oonn} + S = {51, S2, -+ Sw} (16)

The turn-on and off angles of each stage are determined for two positive and negative half-cycles.

Therefore, the output power of each stage can be defined by using the following random variable:

Py, s =cos(® + &) — cos(mr — 0 + &) — cos(mw + 0 + ) + cos(2m — 6 + D) 17)

In general, the sample space of the random variable P, s, for N stages contains N! terms. Therefore,
the random vector P, s including the average power random variables, has a sample space with
dimensions of (N!)V. A fixed algorithm can be found for the optimal solution of (15), although it is not
unique. The standard deviation of the random vector P, s reaches its maximum value at ¢ = 0, due to
the power constraints of (15). Therefore, it is sufficient to minimize the standard deviation of the
switching pattern for ¢ = 0. The solution of (15) is obtained for a 3-stage inverter as follows.

3.1. Solution for a 3-stage inverter

This section presents the solution to the optimization problem defined in (15) for a 3-stage inverter.
Suppose that the turn-on angles in the positive half-cycle for each stage are determined by using (4). For
simplicity, suppose that ¢ = 0. The number of sample spaces of the power random variable for the first

stage is given by:

Cos(egn,l) COS(@;’n_l COS(@;’n‘l
Pys, = cos(@é’n‘l) + cos(an,z) + cos(an,z) + cos(Q;rn‘z) (18)
cos(egfns) cos(egfns) cos(Hg'ns)

For each clause, there are 3!=6 modes, and for each stage, there are (6)3 = 218 cases. By implementing
the optimization problem with the limited and discrete solutions of (15) for a 3-stage inverter, the optimal
solution can be obtained as follows:

b _ { cos(8d1 + @) + cos(O5, — @) }
av,sy +cos(9;“n‘3 + <p) + cos(agrn,z - 4’)

o+ or ., —
Pavs, = { cos( onz T (p) + cos( on.2 <p) } (19)

+cos(03,, + @) + cos(04,, — ¢)

» 3 { cos(8nz + @) + cos(O5n, — @) }
sy +cos(02,1 + @) + cos(8d,2 — @)



By calculating the output power of the three stages for ¢ = 0, the following expression is obtained:

om0 = Favs; |<p=0 = cos(0n1) + cos(O5n3) + 2cos(052)

Puvs, | 0= 2c0s(052) + 2cos(052)

Pav,51 |
(20)

The powers of the first and third stages are the same and exhibited the least deviation from the power of the

second stage. From (4), for ¢ = +£90 the following can be derived:
Pm,_51|¢=i90 = 13‘11,_53|q)=i90 = Fsin(04,1) £ 2sin(05,,) F sin(64,3) = 0

Pavsy| gy = T25i0(05n2) £ 25in(65n2) = 0

(21)

Based on the optimal solution of (15) and the above calculations, an algorithm is presented in the next
section. With the new algorithm, there is no need to repeat the calculations for every change in ¢ because

the maximum power deviation occurs at ¢=0.

4. Optimal switching pattern algorithm to minimize the power deviation between stages

To determine the desired algorithm, consider the average power of each stage in two positive and
negative half-cycles, which includes the sum of the four cosine terms of the angles, given by (4). As the
number of half-cycles required to calculate the average power increases, the number of cosine terms also
increased by the same amount. The optimal solution (15) is similar to solving the Sudoku table with the
following characteristics: the table contains four columns, and the number of rows is equal to the number
of the inverter stages N. It is assumed that each stage is turned on at the angle of the first quarter given by
(4). From (13), it is concluded that for the smallest power deviation, there must be a cosine term of the
angle of stage N-k corresponding to the cosine term of the angle of stage k. Therefore, in the third
column, the angles of the first column are placed in the ascending order of the stage index, as shown in
Table I. the coefficient y is equal to 0 for an even number and 1 for an odd number of N stages.

Forep = +90, the first and third columns contain negative sine angles, and the second and fourth
columns contain positive sine angles. Therefore, columns 1 and 3 are completed first so that both the
power deviations of these two columns are minimal. Then, for ¢ = +90, the sum of the negative and
positive sine terms that are placed in columns 2 and 4 must be equal to zero. Thus far, the sum of the
powers of each stage has exhibited the least deviation. The table is Sudoku-like because in each column,
all angles in (4) should exist, and none of them should be repeated. There should also be 2 combinations

of N angles in each row, as in (13), that have the least power deviation. For example, in row 1 of columns

10



2 and 4, there can be any combination such as (8,2, 0 n—1) (8dn3 Odnn—2), €tc. Although the table
has several solutions with the feature of the least power deviation, to determine a fixed formula for
preparing the table by considering constraints (14), the following algorithm is proposed to fill out

columns 2 and 4 as shown in the flow chart in Fig. 3.

Table 1. Switching pattern for balancing the power of stages. y = 1 for N is odd and y = 0 for N is

even.

Sy Oon Oon,(N—7)/2 O Oon,(N+2+7)/2
S, 05n2  |Oonv-2-yy/2| Oonn-1  |Bonv+aty)2

SN-v)/2

Oon,(v-)/2

+
gon,l

gg-n,(N+2+y)/2

+
Bon,N

+ + + +
SN—1 Hon,N—l 90n,(N+4—y)/2 90n.2 90n,(N—2+y)/2
+ + + +
SN Hon,N 90n,(N+2—y)/2 Hon,l 90n,(N+y)/2
Input:
N number of stages, B factor
V.DCJ Vinax
v
Bk:sin’l((kflJrﬂ) ”"),k
v?ﬂﬂl’
07 =01,05,,=m+0y:1-
i=12..,N,j=12..N
Yes No
_ N+1 N+2
N = T N = T
: v

Oypp=2m— 0y gy k=N, N
Oprn =21 —Opyyjoy k=12, N-1

I

Oupa=m— 0y 5. l=N..N
0y =m—0_.5,1=12 . N-1

Fig. 3. Flowchart of the optimal switching pattern implemented in this study.
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In the second column, if N is odd, the angles from index 1 to index (N-1)/2 are in row (N-1)/2 to row 1,
and the angles from index (N+1)/2 to index N are in row N to row (N+1)/2. The second column, for even
N, is similar to the case of odd N, except that the angle with index 1 is in the row N/2. The angles from
index 1 to index N/2 are located in row N/2 to row 1, and the angles from index (N/2)+1 to index N are
located in row N to row (N/2)+1. The two modes of N are integrated using the y coefficient, as listed in
Table I. The fourth column should be completed such that the sum of the angle indices of columns 1 and 3
is equal to the sum of the angle indices of columns 2 and 4, so that the power condition is zero at ¢ =

+90.

5. Numerical analysis of switching patterns for different stages

In this section, the algorithm shown in Fig. 3 is calculated for different numbers of inverter stages.
Technical considerations were considered to further improve the solution. The efficiency of the BPSCM
is also demonstrated by comparing the FIFO and FILO methods and calculating the maximum power
deviation for ¢ = 0, where the power imbalance with the BPSCM method is proved to be maximum. The
optimal switching patterns obtained by BPSCM for inverters with three, four, five, six, and seven stages
are shown in Tables 1I-VI, respectively. The standard deviation of the power between the stages by the
BPSCM is significantly lower than that of the two conventional methods. The values in the above tables
are all calculated for § = 0.5 or the same as the usual NLC angles. The FILO exhibited the lowest power
deviation for ¢ = 0, whereas BPSCM exhibited a smaller deviation. In contrast, FIFO has a power
deviation of zero for ¢ = £90, which is the same for the BPSCM algorithm because it was an essential
constraint in the optimization problem of (15). This means that the optimal solution is based on the idea
that in pure non-ohmic loads, the power deviation must be zero. Because all three methods create the
same voltage waveform at the output, the THD of the output voltage is the same, and it decreases with an
increase in the stages, as shown in the relevant tables.

Table I1. Optimum switching pattern for N=3 and comparison of BPSCM with FILO and FIFO for g =

0.5
THD of output Voltage= 12.68% Output power at ¢ = 0
Stage# | 64, |m—6); |05 —m |21 —6,;, | FIFO | FILO [ BPSCM
Si | 6da | 62 O3 6f., |P=30776 | 3.9441 | 3.2708
Sy | 64| 64 02 03 34641 | 3.4641 | 3.2708
Sy | 60 | 6ins O Odr 3.0776 | 2.2111 | 3.0776
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Max a2 (P) 1.3333 | 0.8948 | 0.1116

Table I11. Optimum switching pattern for N=4 and comparison of BPSCM with FILO and FIFO for g =

0.5
THD of output Voltage= 9.89% Output power at ¢ = 0
Stage# | 65, | m—05¢ | Oon — 7 | 2m — B¢, | FIFO | FILO | BPSCM
S, Oon1 Oon.2 Ogna Oon3 2.9526 | 3.9686 | 3.1839
S, Oz O Oans Ocn.a 3.4153 | 3.7081 | 3.1839
S3 Oans Ocn.a Oz O 3.4153 | 3.1225 | 3.1839
Sa Oon.a Oans O Oz 2.9526 | 1.9365 | 3.1839
Max a2 (P) 1.2910 | 0.9038 0

Table 1V. Optimum switching pattern for N=5 and comparison of BPSCM with FILO and FIFO for § =

0.5
THD of output Voltage= 8.23% Output power at ¢ = 0
Stage# | 64, | m— 63 | Ogn—1 | 2m—6,;, | FIFO [ FILO [ BPSCM
S O Ocns Oanss Ocns 2.8618 | 3.9799 | 3.0990
S, Oz [ Ocn.a Ocna 3.3362 | 3.8158 | 3.3362
Sy | 0| Bins B 5 0.5 | 34641 | 3.4641 | 3.1629
Sa | Oda | Bins 0 64, | 3336228566 | 3.0990
Ss | 0k | s 01 6., |28618|1.7436 | 3.1629
Max a2 (P) 1.2649 | 0.9073 | 0.0972

Table V. Optimum switching pattern for N=6 and comparison of BPSCM with FILO and FIFO for g =

0.5

THD of output Voltage= 7.11% Output power at ¢ = 0

Stage# | 604, | m— 037 | Ogn—7 | 21— 0, | FIFO [ FILO | BPSCM
Si | 6k | Bins 006 6f,s | 27923 3.9861 | 3.1175
Sy | 6k2| 6wz 0 s 0.5 | 32594 | 3.8730 | 3.2594
Sy | 0hs | 6k 04 0.6 | 34426 | 3.6362 | 3.1175
Sa | Odwa | Oins O 3 05,1 | 34426 | 3.2489 | 3.1175
Ss | 0kus | ks O 2 0., | 32594 | 2.6458 | 3.2594
Se | O | Oina 001 0f.s | 2792315986 | 3.1175

Max a2 (P) 1.2472 | 0.9086 | 0.0733
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Table V1. Optimum switching pattern for N=7 and comparison of BPSCM with FILO and FIFO for § =

0.5

THD of output Voltage= 6.35% Output power at ¢ = 0

Stage# | 6, |m— 6%, | 6on—1 | 21— 6,,, | FIFO [ FILO [ BPSCM
S O Oans O, Oons 2.7372 | 3.9898 | 3.0686
Sy | 6z | 6z 06 046 | 31907 | 3.9071 | 3.1907
Sy | 64wz | Odnn O s 65, | 34001 | 3.7362 | 3.0686
Sy | Oha| 6, 0 s 0., | 34641 | 3.4641 | 3.1007
Ss Oons Ocne Oans Oz 3.4001 | 3.0639 | 3.2954
Se | Odne | Bins 0.2 O0L.s | 31907 | 2.4744 | 3.2954
S, | 04y | s 001 Ofns | 27372 | 1.4846 | 3.1007

Max o2(P) 1.2344 | 0.9090 | 0.1011

5.1. Algorithm correction for even number of stages

Table IV lists the optimal switching patterns for N=4. On the one hand, the average power is calculated
in two half-cycles, which includes four turn-on and off angles for each stage, and on the other hand, the
number of stages is equal to 4. Therefore, the power of the four stages in the two half-cycles is the same,
and the power deviation is zero. It is concluded that, if the number of stages is even, because each half
cycle consists of two on/off angles, the average power calculation and the following switching pattern can
be extended to the N/2 cycles. In this form, the average power of each stage has cosine terms for all angles,
and the power deviation is zero. For example, for N=6, three half cycles can be used, and the switching
pattern is shown in Table V11, where the superscript k for the turn-on and off angles indicates the angle in
the k-th cycle, and 6, ; to 6, ¢ are obtained by (4) for N=6. In other words, the switching pattern in these

three half-cycles is rotated for each stage [11].

Table VII. Optimum switching pattern for N=6, § = 0.5 by averaging power in three half cycles

Stage Number | 65, | — 637 |02, — |21 — 027, |63, — 27 |31 — 03,
Sl an,l 90+n,2 Hgn,S 93}1‘4 9;11,5 9;—71,6
SZ an,z 90+n3 90+n_4. 9;11,5 9;—71,6 9;11,1
53 93}13 HgnA Gg-n,s 93—11,6 Gg—n,l 9;}1,2
54- 93}1_4 93}1,5 9;71,6 9;11,1 9;}1,2 Gg—n,3
SS Qg-n,s Hgn,e ng,l 93—11,2 9;}1,3 gg-nA
56 eg-n,ﬁ ggn,l ggn,z 9;11,3 gg-nA 9;11,5
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5.2. B factor correction

It is shown that the THD depends on g coefficient, and the best value of 8 which has the least
harmonics on the output voltage, is 0.25 [11]. If the turn-on angles by (4) in the first quarter are calculated
for $=0.25, it not only decreases the harmonics, but also the output power of each stage of the multilevel
inverter has increased in comparison with the angles of 8 = 0.5 for the same DC sources. As shown in
Table VIII, the output efficiency of the MLI increased. Furthermore, the power deviation between the

stages is less than that in the case of § = 0.5. For 8 = 0.75 the power deviation is greater than that for

B =0.5.

Table VIII. Comparison of the output power and power deviation between stages for different g and

levels using the BPSCM method

Power of stages N=3 N=4 N=5 N=6 N=7

foro =0 B B B B B B B B B B
=0.5 =0.25 =0.5 =0.25 =0.5 =0.25 =0.5 =0.25 =0.5 =0.25
P, 3.2708 | 34761 | 3.1839 | 3.3577 | 3.1629 | 3.3116 | 3.1175 | 3.2509 | 3.0686 | 3.1912
P, 3.2708 | 34761 | 3.1839 | 3.3577 | 3.3362 | 3.4564 | 3.2594 | 3.3679 | 3.1907 | 3.2907
P, 3.0776 | 3.3159 | 3.1839 | 3.3577 | 3.1629 | 3.3116 | 3.1175 | 3.2509 | 3.0686 | 3.1912
Pg, 3.1839 3.3577 3.0990 3.2537 3.1175 3.2509 3.1007 3.2211
P, 3.0990 | 3.2537 | 32594 | 3.3679 | 3.2954 | 3.3869
P, 31175 | 3.2509 | 3.2954 | 3.3869
P, 3.1007 3.2211
Total Powers 9.6192 | 10.2681 | 12.7357 | 13.4309 | 15.8599 | 16.5870 | 18.9886 | 19.7392 | 22.1201 | 22.8891
Max a2 (P) 0.1116 | 0.0925 0 0 0.0972 | 0.0829 | 0.0733 | 0.0604 | 0.1011 | 0.0866
THD of V 12.68% | 12.14% 9.89% 9.25% 8.23% 7.5% 7.11% 6.35% 6.35% 5.54%

6. Results and discussion

6.1. Simulation results

To verify the mathematical analysis, CHB-MLI was implemented and validated in Simulink/ MATLAB
to balance the output power of each stage. A 5-stage, 11-level inverter with SCM was considered to feed an
impedance load with an active power of 300 W and reactive power ranging from 300 VAR capacitive to
500 VAR inductive as an independent load. The DC input of the inverter was 35VDC. A schematic
diagram of the inverter and the measurement equipment is shown in Fig. 4. The output power of each

inverter stage for different impedance loads is shown in Fig. 5. First, consider a 300 W, -300VAR resistive
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capacitive load with ¢ = +45°. Fig. 5(a) shows the power of each stage with the three modulation
methods (FIFO, FILO, and BPSCM). The power deviation of each stage with the variance index is
presented in the table below each figure. As shown in Fig. 2, in the FILO method, the power of the first
cell is greater than that of the last cell, regardless of whether ¢ is negative or positive, and this difference is
maximized at ¢=0. In the FIFO method, for RC loads or negative ¢, the power of the first cell is greater
than that of the last cell, as confirmed in Fig. 5(a). Finally, the BPSCM method exhibited almost uniform
power for the RC load. For the RC load, the FILO method has less power deviation than FIFO,
approximately 17.2 vs. 24.4, whereas the BPSCM method shows a variance of 1.9, that is, approximately
89% reduction. This indicates a significant improvement in balancing the power between the stages. Fig.

5(b) shows the results for a 300 W and +500VAR resistive inductive load with ¢ = —59°.

The FIFO method, which always generates more power in the first cell than in the last cell, yields the
same results as those shown in Fig. 5(a). The situation is different for the FILO method in RL load;
therefore, the power of the last cells is greater than that of the first cells. Again, for the RL load, the FILO
method has a lower power deviation than the FIFO, approximately 16.5 vs. 38.9, whereas the BPSCM
method shows a variance reduction of approximately 88%. This implies a significant reduction in the
power imbalance between stages, and that the power between the stages is almost uniform. Fig. 5(c) shows
the results for a net resistance load of 300 W. In this case, the FIFO method has a lower power deviation
than FIFO, approximately 5.62 compared to 18.1. However, the BPSCM method exhibited a reduction of
66%, and the power of the stages was more uniform than that of the RC and RL loads. For all three types
of impedance loads, the new algorithm showed a significant reduction in the power deviation between the
stages. The THD is the same for all the three modulation methods because they produce the same output

voltage waveform.
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Fig. 4. Schematic diagram of 5-stage 11-level CHB-MLI connected to an RLC independent load in

'i'

Simulink/ MATLAB. Each stage is equipped with measurement devices to measure its output power,
voltage and current. The MATLAB function sends the appropriate signals to each H-bridge module based
on the different methods of FIFO, FILO, and BPSCM.
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Fig. 5. Individual power for each cell of a 5-stage CHB-MLI with SCM switching method. (a) for RC
load with P=300W and Q=-300VAR or ¢ = +45°, (b) for RL load with P=300W and Q=500VAR or
@ = —59°, (c) for a resistive load with P=300W, and (d) case (c) for two different value of 8. The power
deviation of stages and the THD of the output voltage for each modulation method is shown in the table

below each chart.

According to Section 5.2, the efficiency can be increased again. If the turn-on angles of the first
quarter by (4) are calculated for $=0.25 instead of 0.5, the variance of the power deviation will be even
smaller. The results are shown by the two different g values in Fig. 5(d) for the net resistive load. In
addition, to reduce the variance of the power imbalance between cells from 1.9 to 1.65, the power of each
stage was increased from 62 W to 70 W, which means a 14% increase in efficiency with the same DC
source per cell. As shown in Fig. 5(d), because B changes, the output voltage waveform and the THD also

change. The voltage and current waveforms of each stages for the three methods are shown in Figs. 6(a)—

6(f).
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Fig. 6. Individual voltage waveforms for each cell of a 5-stage 11-level CHB-MLI with SCM switching
methods. Voltage of stages for resistive load of 300W by (a) FIFO, (b) FILO, and (c) BPSCM. The output
voltage and current waveforms of the entire inverter by BPSCM with (d) resistive load of 300W, (e) RC
load of 300W and -300VAR, and (f) RL load of 300W and +500VAR.

Fig. 6(a) and 6(b) show the voltages across each inverter stage for the FIFO and FILO methods,
respectively. Fig. 6(c) illustrates the voltage waveform of each cell using the BPSCM method. All three
modulation methods produce an inverter output waveform, as shown in Fig. 6(d). In Figs. 6(a)-6(d), the
load has a net resistance of 300 W. For further investigation, the voltage waveform of each stage along
with the voltage waveform of the inverter output for RC loads of 300 W and -300VAR are depicted in

Fig. 6(e). This is also repeated for RL loads of 300 W and +500VAR, as shown in Fig. 6(f).

6.2. Experimental results

Fig. 7 illustrates the experimental setup implemented in the laboratory to validate with experimental

results the modulation method proposed in this study when applied to a 5-stage 11-level CHB-MLI.
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The power plant runs in real time in an OPAL RT-4015 unit, which is programmed and monitored
using the software OPAL RT-LAB. A dSPACE MicroLabBox compact prototyping unit was used to
implement the modulation techniques of the system, and the dSPACE ControlDesk software allowed
monitoring of the equipment. A Yokogawa DLM4038 oscilloscope was used to measure and represent the

variables of interest in real time and to obtain the experimental results shown in the figures in this section.
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Fig. 7. Experimental setup implemented in laboratory. A 5-stage 11-level CHB-MLI runs in real-time in
OPAL RT-4015 and the differents SCM are implemented in dSPACE MicroLabBox.

Fig. 8 shows the experimental results of the three modulation methods when the load was resistive-
capacitive. The variables shown in the oscilloscope are the output power (PSi), output voltage (VSi), and
current (ISi) of the i-th stage of the inverter. For example, PS1, VS1, and IS1 represent the power, voltage,
and current of the first stage, respectively. Fig. 8(a) shows the output power, voltage, and current of stages
1 to 5 from top to bottom, and the last image shows the output voltage waveform of the inverter. As shown,
it is consistent with the simulation results shown in Section 6.1, and the output powers of the stages in the

BPSCM are closer to each other than the two methods.
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Fig. 8. Experimental results obtained for a 5-stage CHB-MLI with different SCM and RC load with
P=300W and Q=-300VAR or ¢ = +45° for (a) FIFO, (b) FILO, and (c) BPSCM.

Fig. 9, similar to Fig. 8, shows the experimental results for the three modulation methods when the load is
resistive-inductive. For the FILO method, the power value of the last stage faces disturbances; for the
BPSCM method, the experimental results are similar to the simulation results; and again, the power values
of the stages in the new method are very close to each other, and the power deviation between the stages is

very small.
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Fig. 9. Experimental results obtained for a 5-stage CHB-MLI with different SCM and RL load with
P=300W and Q=500VAR or ¢ = —59° for (a) FIFO, (b) FILO, and (c) BPSCM.

Fig. 10 shows the experimental results for the three modulation methods with a purely resistive load,
which is also consistent with the simulation results. Fig 10(c) shows that the power deviation between the
stages is slightly greater than that in Figs. 8(c) and 9(c), which is confirmed by the analysis of the

maximum power deviation that exists when the load angle is zero.
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(b)
Fig. 10. Experimental results obtained for a 5-stage CHB-MLI with different SCM and resistive load of
P=300W or ¢ = 0° for (a) FIFO, (b) FILO, and (c) BPSCM.

6.3. Discussion

Both the experimental and simulation results of the mathematical analysis confirm the efficiency of
the proposed method. The BPSCM method is preferable to the two common FILO and FIFO methods,
both in terms of the THD and minimization of the power imbalance between stages. In addition, the
BPSCM method is superior to the other methods published in the literature. In [28], the method was
dependent on the load angle and was continuously re-calculted with it. Although it does not seem logical
that the pattern changes continuously with the load angle, because the pattern solution itself is discrete
and limited in number, and the NLC angles cannot be chosen at any arbitrary value. Every time the load
angle changes, the calculations must be performed as a new one, and the complexity of these calculations
is very time-consuming. The proposed method does not depend on the load angle, and the method is
designed such that the power deviation is zero for a load angle of £90° and the deviation value is
maximum only for ¢ = 0°, which is far less than the minimum power deviation of other methods used in
the literature. Briefly, the advantages of the BPSCM are: 1) simple calculation, 2) the switching pattern is

pre-determined by the number of stages, and 3) it is independent of the load angle.

7. Conclusion

High-frequency modulation methods, such as SPWM or low-frequency SCM, which are used for
CHB-MLI operation, cannot distribute the power uniformly between the stages. In this study, a new
algorithm based on SCM was designed for an optimum switching pattern. At first, a random vector with a
sample space consisting of the random variables of the inverter stages power was stochastically analyzed.
Subsequently, an optimization problem with finite and discrete solutions was defined on this random

vector subject to power constraints for AC circuits. In fact, the solution to this random optimization
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problem is the proposed algorithm. The mathematical analysis showed that the maximum power deviation
between the stages occurs for zero load angle. Therefore, by focusing on minimizing the power deviation
at a zero-load angle and zero power at pure impedance loads in each stage, a static algorithm similar to
Sudoku puzzle was obtained that is not dependent on load angle. With this algorithm, by changing the
impedance load angle, heavy calculations of the previous methods are not necessary. In addition, its
practical implementation is simple. The simulation results obtained from the Simulink model and the
experimental results obtained in the laboratory using OPAL RT-4510 and dSPACE MicroLabBox
confirm the effectiveness of the proposed algorithm. In addition, the effect of the B coefficient, which
changes the turn-on angles in the first quarter, was shown. By changing B, the angles of the first quarter
change when compared to the angles obtained by the traditional NLC method. It can be proven that, for a
certain f, the operational efficiency of the inverter increased significantly in terms of the output power

and the reduction in the standard deviation of the power between stages.
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