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Abstract:In this paper, a new DC-link balancing method for a 7-level inverter fed by a photovoltaic system is proposed.
The proposed redundant state technique is associated with selective harmonics elimination (SHE)-PWM instead of space
vector (SV)-PWM. The switching angles related to the SHE are computed via the resultant theory method. Moreover,
the study of this inverter is carried out on its equivalent matrix model. On the basis of this model, the link between the
capacitor voltage, switching states, and load current is established. This allows understanding the switching redundancies’
effect on the DC capacitor voltage balance. An algorithm is then developed to select the appropriate switching state,
since there are 300 switching states and 720 unbalanced cases of the voltage capacitor. The proposed balancing method
is tested in the case where the input DC inverter is provided by a photovoltaic generator (PVG) system and feeding an
induction motor. The obtained results show that the 6 DC PVG capacitor voltages are kept balanced while cancelling
the most undesirable harmonics row (5th, 7th, and 11th) in the inverter output voltage. Thus, using this cascade,

photovoltaic supplying DC power can be amplified into high quality AC power.

Key words: Multilevel inverter, selective harmonics elimination pulse width modulation, photovoltaic system, switching
states, balancing DC-link technique

1. Introduction
Mankind has witnessed an enormous increase in energy consumption over the last 100 years. Renewable energy
sources are considered among the most promising solutions to fulfill energy requirements. Solar energy based on
the photovoltaic phenomenon allows the direct conversion of solar radiation into DC electrical energy with no
noise, no pollution, and no moving parts, making it robust, reliable, and long-lasting [1]. The cost still remains
a challenge facing researchers.

However, this system is commonly used in large-area applications such as satellite systems, lighting,
mobile applications, drives, or telecommunication systems.

The use of a PV system to supply an AC load is possible after transforming the DC power from PV arrays
into utility-grade AC power via static inverters [2-4]. The simplest topology that can be used for this conversion

is the 2-level inverter that consists of 4 switches. Previous works show that the traditional 2-level inverter has
limitations in handling high power and voltage applications. Hence, multilevel inverters are strongly suggested

as an efficient solution for high-speed semiconductor applications. The multilevel inverter offers higher efficiency
and operates at low frequency. Additionally the, use of these inverters allows the generation of a high-output
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voltage waveform as compared to the 2-level inverter. Their principal advantages are decreased size of the filter,
lower dv/dt ratio, lower electromagnetic interference level, and lower switching losses. Multilevel inverters have
mainly been used in medium- or high-power system applications, such as static reactive power compensation
and adjustable-speed drives [5,7]. They can be designed by connecting semiconductors in different ways. The
most popular topologies are the flying capacitor, cascaded H-bridge, and neutral point clamped (NPC) [8-11].

When the number of inverter levels is increased, the output voltage has more steps, and this staircase-
generated waveform will be closer to the desired sinusoidal waveform, reducing harmonics distortion and low
voltage stresses. Nevertheless, a high level number in multilevel inverters increases the control complexity.
Several pulse width modulation (PWM) strategies for multilevel inverters based on different approaches have
been developed in the last decade [11-15]. The most popular ones are multilevel carrier-based PWM and space
vector (SV)-PWM, which has been successfully applied in multilevel converters [12,13]. However, the power
switches operate with relatively high frequency and the elimination of lower-order harmonics is not guaranteed.
Selective harmonics elimination PWM (SHE-PWM) has emerged as a promising control modulation method for
the multilevel inverter to achieve these objectives. Using this PWM, switches operate at a switching frequency
less than 1 KHz, which is suitable for high-power applications [15,16].

The major difficulty of this PWM lies in solving its inherent nonlinear equations in order to obtain the
switching angles [15-22].

Furthermore, multilevel inverters suffer from voltage unbalance of the DC link capacitors. The problem
complexity increases when the number of levels is increased above 3. Several solutions have been proposed to
overcome this capacitor unbalance problem: an additional power electronics circuit, isolated DC sources, and
redundant states with SV-PWM [23-27].

In this paper, a 3-phase 7-level NPC inverter to transmit energy from PV modules to the 3-phase induction
motor (IM) is studied. The performance of the redundant states associated with the SHE-PWM instead of the
SV-PWM to balance the 6 capacitor voltages is discussed in detail. The elimination of the 5th, 7th, and 11th

harmonics with self-balancing DC-link voltages is ensured without any auxiliary circuit.

2. NPC 7-level inverter structure
Figure 1 shows the configuration of a 7-level NPC inverter. It consists of 3 symmetrical legs fed by 6 DC
voltages. By commutating the appropriate switches, each phase can produce 7 different voltage levels, and
therefore the generated voltage leg waveform has 7 voltage levels (Vye, 5/6 Vae, 2/3 Ve, 1/2 Ve, 1/3 V 4c,
1/6 V4., 0), where V. is the total input voltage. Each inverter leg can be modeled by a commutation circuit
with 7 ideal switches instead of 12 (Figure 2a). Thus, the 7-level NPC inverter is equivalent to a 3 x 7 matrix
inverter with ideal switches. The matrix structure generates the same waveforms as the NPC structure function
of its 6 DC sources (Figure 2b).

The switch function fg, (k is the leg number 1, 2, or 3; 7 is the sequence number in a leg) is related to

the gate transistor signal (Fj,) as follows (Table 1):

Jir = Frer FroFs Fra

Jr2 = Fr1FpalFaliy

Jr3 = Fr1FroFy3Fra (1)
Jroa = Fr1Frolyslys

Jrs = Fr1FraFi3Fg

fre = Fr1FraFp3Fra
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Figure 1. Structure scheme of an NPC 7-level inverter.

Table 1. Equivalent commutation circuit.

NPC structure Matrix structure
v Gate signals Switching functions v
KM For | Fro | Frs | Fra | i | fu2 | fus | Foa | Jus | foe | 5™

Ve 1 1 1 1 1 0 0 0 0 0 Usy
5/6Va. |1 1 1 0 0 1 0 0 0 0 Usso
2/8V e | 1 1 0 0 0 0 1 0 0 0 Uss
1/2Va | 1 0 0 0 0 0 0 1 0 0 Usy
1/8V 4. | O 0 1 1 0 0 0 0 1 0 Uss
1/6Vga | 0 0 0 1 0 0 0 0 0 1 Uss
0 0 0 0 0 0 0 0 0 0 0 Usr

In the case of the 7-level inverter, there are 343 (72) switching states that conduct to the space vectors of

voltage output, as shown in Figure 3. The space vector is defined as follows:
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Figure 2. Equivalent model and staircase waveforms: a) matrix inverter model; b) staircase waveforms produced by 6

DC sources.
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Figure 3. Positions of the output voltage vector of the 7-level inverter in the plan (0, Uac, Upc).

2 .2 4
Vs = \/ngc[Swli + Swy; €’ 3 4 Sws; e’ 7T/3] ; (2)

where Swy; (k is the phase number (1, 2, or 3) and ¢ is the switch number) stands for the leg state, and it can

only be given by system of Eq. (3).
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Swrr =6 if Vi = Vqe

Swye =5 if Vin =5/6Vg,
Swrz =4 if Vi =2/3Vy,
Swia =3 if Vs = 1/2V e

kas =2 Zf VkM = 1/3Vdc
and ka6 =1 Zf Vv = 1/6Vdc (3)
SwW:O Zf VkMZO

Analysis of Figure 3 shows that the connection between the DC voltages and the AC load through the 7-level
inverter conducts to 90 distinct configurations (output vector states) related to the points shaping the hexagons
(1, 2, 3, 4, and 5). Moreover, the center of the hexagons concerns the zero-output voltage.

The obtained modulated voltages (Uac, Upc) depend on the switches’ functions and the levels of DC

voltage as follows:

Uac = mi1Us1 + mi2Usa + migUsz + miaUss + misUss + migUss

4
Upc = ma1Usi + maaUsa + mazUss + mogU + mosUss + magUss )
with:
mir = (fi1 — f31), mo1 = (fa1 — f31)
miz2 = (fiz — f32), ma2 = (fo2 — f32)
miz = (fi3 — f33), ma3z = (faz — f33) ;
mia = (fia — f3a), moa = (foa — f34) ~ (5)
mis = (fis — f35), mas = (fas — f35)
mie = (fi6 — f36), mas = (f26 — f36)
In our study, the DC voltage V. is assumed constant, so:
dVdc o dvdcl dVch dVch dVdc4 dvdc5 dVdc6
at  dt o at @ T at o at T a (6)
Therefore:
1. 1. 1. 1. 1. 1.
0= el + 12+ —1e3 + —lea + —les + —lcs- (7)
C C C C C C

By using this relation, the current capacitors are:

icl - %(5'Lm2 + 4Zm3 + 37'm4 + 221715 + Zmﬁ)

ic2 = —§(im2 — 4im3 — ima — 2ims — ime)

le3 = _%(imQ + 2im3 - 3im4 - 2im5 - Z'm6)

leq = *%(ZmZ + 2'Lm3 + 3'Lm4 - 2Zm5 - 'Lm6) ( )
ic5 = *%(Z‘m2 + 2'Lm3 + 3Zm4 + 42n’L5 - Zm6)

ic6 = _%(im2 + 2Zm3 + 3Zm4 + 4Zm5 + 57Im6)
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These capacitor currents depend on the AC load currents as follows:

i1 = (a1 iq + ai2ip)

G2 = —%(a211q + azoip)

iy = —2(az1iq + aszip)

Gea = — (a1 iq + asaip)ip ©)
iy = —%(as1ia + as2ip) iy

icg = —5(a61ia + ag2ip) ip

where the coefficients a;; are connected to switching functions fy, via the previous coeflicients m;; as:

a41 =

a51 =

ag1 =

a42

ai2 =
a22 =

agz2 =

(
(
(

= (maz + 2maz + 3maz — 2ms2
asz = (
(

ag2 =

a1 = (bmay + 4mgy + 3mar + 2ms1 + me1)

(meo1 — 4mg1 — 3may — 2ms1 — Me1)

= (ma1 + 2m31 — 3ma1 — 2ms1 — Me1)

(ma1 + 2m31 + 3ma1 — 2ms1 — Mme1) (10)
(ma1 + 2may1 + 3may +4ms1 — me1)

(ma1 + 2ma1 + 3may + 4msy + 5me1)

5mag + 4mszz + 3maz + 2mse + me2)
Mo — dmgy — 3Maa — 2Ms2 — Me2)
Mag + 2m3zy — 3Maz — 2Ms2 — Me2)
— me2)
Mag + 2m3a + 3maz + 4msz — me2)

Mag + 2msa + 3mys + 4msa + Sme2)

3. Selective harmonics elimination PWM

Various modulation strategies have been developed and studied in detail, such as multicarrier PWM, SV-PWM,

and SHE-PWM.

Among these strategies, only SHE-PWM allows both control of the output voltage fundamental and

the elimination of some harmonics of the lower order. However, the complexity of the SHE-PWM technique

increases rapidly with the number of levels of the inverter.

In this paper, the target is to cancel the 5th, 7th, and the 11th harmonics.

Therefore, the multilevel

staircase voltage leg must contain 4 commutations in its first quarter period. Switching angles in the remaining

3 quarter periods are referred to the first quarter, since the voltage waveform is imposed with a double symmetry

as shown in Figure 4.
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Figure 4. Assigned waveform of the leg voltage for the 7-level inverter (6 DC sources).

To proceed with 6 equal DC sources, the waveform of Figure 4 has a Fourier series expansion of the
following form:

A, = @[61 cos(nay) + £y cos(nag) + ... + 4. cos(na.)], (12)
™m

where n is the harmonic number, ¢ the number of angles necessary to eliminate (¢ — 1) harmonics, and ¢; is
unitary coefficients depending on the waveform of the leg voltage (Figure 4).

In the case of Figure 4, these parameters are as follows:
n:5, 77 ].1, C:4761:1, 62:1, 63:1, 64:71,

under the following constraint:
™

OSQ1S02SQ3SC¥4<2

(13)

While replacing these parameters in Eq. (12) and using the modulation index r (r = %, where V.. is
the magnitude of the desired sinusoidal voltage), the system of Eq. (14) is obtained. It contains 4 nonlinear

equations with trigonometric terms and 4 unknown variables (a1, as, a3, a4).

cos(aq) + cos(ag) + cos(as) — cos(aq) —m

)
os(bay ) + cos(bag) + cos(bag) — cos(bay)
(Tas)

(
(11arg) 4 cos(1laz) 4 cos(1las) — cos(1lay) =0

o
I
o O o

cos(7ay) 4 cos(Taz) + cos(Tasz) — cos(Tay

(o))

3rm
-

with m =

The resolution of this class of algebraic equations is generally carried out via the Newton—-Raphson
iterative method [15,16,24]. Nevertheless, this method needs an initialization as close as possible to the
solution. To overcome this constraint, another resolution method, based on the resultant theory and symmetric
polynomials, was developed in [20]. This technique allows the determination of all possible solutions without any
preliminary testing. In the case of the voltage leg imposed as the waveform of Figure 4, all possible switching
angles and the THD related to the corresponding output voltage are depicted respectively in Figure 5a and

Figure 5b. It appears that some range of modulation index exhibits double solutions. Therefore, the selection
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of the optimal one giving the lower THD is possible (Figure 5¢). In order to confirm the validity of the SHE

strategy, a test is carried out for r= 0.8. The switching angles, resulting from Figure 5c¢ and related to r=

0.8, lead to the phase voltage and their harmonics spectrum, shown respectively in Figure 6a and Figure 6b.

Figure 7 gives the magnitude of the cancelled harmonics and the variation of the fundamental amplitude and

its desired value according to r.

By analyzing Figures 57 for SHE-PWM, it is observed that:

obtain all the possible solutions.

weakest THD (Figure 5¢).
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As opposed to the Newton-Raphson method [16,24], the resultant theory method makes it possible to

For r < 0.57, the system of Eq. (14) does not admit any solution (Figure 5a).

For the modulation index rleading to multiple solutions, the inverter is controlled by those that give the

The elimination of harmonics 5, 7, and 11 is ensured for all values of r (Figure 7a).

The fundamental voltage follows the desired value (Figure 7b).
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Figure 5. Switching angles and their THD for the 7-level inverter.
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Figure 7. a) Magnitude of the cancelled harmonics range; b) magnitude of the fundamental voltage.

4. Proposed DC-link balancing technique

In the previous section, the 7-level inverter, driven by the SHE-PWM, was studied in detail. For this section,
it supplies an IM. The DC input voltage inverter is generated by the PV array (Figure 8).

In order to feed the inverter by regular voltage, a buck-boost DC-DC converter is associated with the
output of the PV array [28]. The maximum power point tracking is done all the time using the perturb and
observe algorithm [29,30]. The electrical model of the PV cell with 5 parameters is shown in Figure 9. PV cells
are regrouped in large units called PV modules, which are further interconnected in a parallel-series configuration
to form a PV array or PV generator, in order to reach a high voltage at the terminals. The current [ is given
as in Eq. (15):

q
AKT

V4RI
Rsh

I =1y —Iyexp H (V + RSI)} - 1] (15)

Here, I, is the photocurrent depending on the solar radiation and the cell temperature, and Iy is the cell
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Figure 9. A PV cell equivalent circuit.

reverse saturation current varying with temperature. Rs; and Ry, are respectively the series and the shunt
parasitic resistances. K is the Boltzmann constant, ¢ the charge of electron, A the ideality factor, and T the
cell temperature.

Figures 10a—10c illustrate power—voltage and current-voltage characteristics for different values of tem-
perature and solar irradiance.

The power produced by a PV system varies with the amount of sun shining on the module and, to a
lesser extent, module temperature. The temperature is held constant, this power variation results in a variable
current at a fixed voltage. Increasing temperature reduces PV module output power.

Figure 11 shows the capacitor voltages after connecting the PVG-DC-DC converter, 7-level inverter, and
IM together. All capacitor voltages are unbalanced.

In order to keep the 6 capacitor voltages as equal as possible, the switching control strategy for multilevel
inverter devices is used.

Among the 343 output voltage vectors of the inverter, only 90 can be obtained by different combinations
of switching. Therefore, the 7-level inverter switching can be classified into 3 groups. The first one represents
the last hexagon of Figure 3.

It is formed by 36 vectors that do not connect any of the 3 phases to the common capacitor’s potential,
and so the capacitor voltages remain unaffected.

The second one is the zero vector value obtained via 7 redundant switching states. They have no effect

on the divider behavior.
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Figure 11. DC-link voltages without balancing algorithm.

On the contrary, the third group contains 90 vectors corresponding to the 5 remaining hexagons (1, 2,
3, 4, and 5) and representing 300 switching states. In this group, each vector voltage can be obtained by more
than one switching combination (redundancy). Table 2 gives more information about this group. In fact the

particularity of this group involves the fact that each different switching state has a different effect on the 6
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capacitors’ state (charge or discharge). Indeed, the different switching states of this group force the load current
to flow through different paths. Thus, the direction of current through the DC-link capacitors is different, and
variation among DC-link capacitors’ voltages is different. Therefore, to make as effective use as possible of these
90 vectors for balancing the DC-link capacitors, it is necessary to study in detail the effect of each one. The
study is more complicated than those of 3- and 5-level inverters because of the huge number of switching states
to study (i.e. 300).

Table 2. Number of switching states for each group of V.

Hexagon | Number of vectors Vg | Number of redundancies | Number of switching states
1 6 6 36
2 12 5 60
3 18 4 74
4 24 3 72
5 30 2 60

Indeed, using the matrix model of the inverter developed in Section 1, the effect of AC load current i,
and 4, on the capacitor currents is established (Eq. (9)).

According to their sign, the states of capacitors (charge or discharge C;) can be known relative to the 300
switching states. To explain the technique used, an example concerning the output vector (-5, —5) is explained.
This vector is part of hexagon 5, and it can be obtained through 2 switching states (redundancies a and b).

Moreover, the capacitor currents (Eq. (9)) are influenced by switching states via the coefficients a;;.
Table 3 gives the values for the 2 redundancies through Egs. (10) and (11). These obtained a;; are then
substituted into Eq. (9) of the capacitor currents. The analysis has shown that the 6 capacitor currents depend

only on the variable E, which stands for (—i, —ip), as shown in Table 4.

Table 3. a;; values for vector (-5, —5).

Vs Uac | Upc | Vam | VBm | Vour | ia ico | ic3 | lea | ics | ics
9 a | b -5 0 0 5 -5E | E E E E E
b | -5 -5 1 1 6 E E E E E —5E

Table 4. Values of capacitor current signs for vector (=5, —5).

V, Uac | Upc | a11 | @12 | ag1 | @2 | ag1 | @32 | @41 | a42 | @51 | as2 | ag1 | ae2
9 a|—b -5 5 5 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1
b | -5 ) -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 5 5

The analysis of 90 output vectors allows for sorting them into 15 different groups. Indeed, each group
has the same effect on the capacitor voltages; it is formed by 6 different output vectors.

Based on the results of this study, an algorithm is developed in order to minimize the difference between
the 6 capacitor voltages by selecting the suitable switching redundancy of the actual switching states among the
switching states of the group concerned (for this example, Group 3). The switching state is selected based on
the following rule: load the unloaded capacitor and unload the loaded one. Otherwise, for the DC-link 7-level
inverter, 720 deviations of the 6 capacitor voltages are possible, which would further complicate the study. The
developed algorithm has the capacity to find the solution for all existing unbalanced cases.
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As an example, the following case of DC-link voltage unbalance is proposed:

Vier < Viea < Viaes < Vigea < Viges < Vies; the actual switching state obtained via SHE-PWM is (0 0 5),
related to the voltage vector (-5, —5).

From Table 4, if E > 0, the actual switching state (0 0 5) is substituted with (1 1 6), which conducts
charging Cy and discharging Cg. In the opposite case, the actual switching combination is used again. The
procedure is applied for all 300 switching states using the SHE-PWM signal.

At the end of the operation, another leg voltage waveform that provides the same modulated voltage
waveform and the same harmonics spectrum is obtained (Figure 6b).

The proposed capacitor balancing method is tested by simulation using both MATLAB and Simulink.
The PVG-DC-DC converter cascade operates a dynamic load related to the induction motor (Appendix).

The DC output voltage is kept stable at 800 V. Hence, the voltage reference of each capacitor is 133.33
V. The capacitance values are fixed at 20 mF.

Figure 12a shows the waveforms of the 6 capacitor voltages when the developed algorithm is applied with

effect from time t = 0.3 s.
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Figure 12. a) The Vg;voltages; b) the relative error AVg;.

It appears clearly that the 6 voltages diverge from their reference before the balancing algorithm is applied,

and they start to converge toward their desired value once the algorithm is used. The voltage deviations ( AVy;)
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of voltage capacitor Vy.;, given in Figure 12b, highlight the previous observations. Indeed, the input DC-link

7-level inverter takes the form given by Figure 13a.

80— 160
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s '?é,loo
E" 750 ; 80
s & 60
700} ] 40
20

650 00702040608 1 1214 16 18 2

0 0204 06 08 1 12 14 16 18 2
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Figure 13. a) The output voltage PVG; b) induction motor speed.

The capacitor voltages are kept balanced even when the nominal load torque is applied at 0.6 s (Figure

13b). Thus, the capacitor voltages maintain balance while keeping the SHE-PWM proprieties.

5. Conclusion
Multilevel inverters suffer from capacitor voltage imbalance problems. Many techniques have been proposed to
solve this problem. One of these techniques is the redundant states method generally associated with SV-PWM.
In this paper, both optimizations of switching angles of a 7-level output waveform inverter using SHE-
PWM and self-DC-link voltages balance are investigated. Indeed, the programmed PWM eliminates harmonics
rows b, 7, and 11, with good control of the fundamental based on the resultant theory method. Moreover, a
DC-link balancing technique is developed using the redundant switching states of the inverter. In the case of
the 7-level inverter, the study can be quite laborious, since it concerns 300 switching states and 720 DC-link

unbalance deviations.
In order to simplify the analysis, the inverter is represented by its equivalent matrix model. The obtained

results have shown that the DC-link balancing can be involved while maintaining the SHE-PWM performance.
The improvement of this technique comes from the fact that balancing the 7-level inverter DC capacitors
is carried out with lower device switching frequency due to SHE-PWM, and without any auxiliary circuit.

Therefore, energy losses are reduced and hardware costs are decreased for the PV system.
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Appendix
The squirrel-cage induction motor: 1.5 kW, 2 pairs of poles, 1420 turns/min, 50 Hz.

R, =485Q,R, =3.805 Q,L, =0.274 H, L, = 0274 H, M = 0.258 H, J = 0.031 kgm?, f = 0.00114
Nms.
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