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Abstract— In this paper, a programmed matrix pulse
generator is developed to generate PWM controls
signals synchronized with switching angles which are
obtained as a result of Trust-region Dogleg analysis.
Trust-region Dogleg method is more flexible and
efficient than conventional optimization techniques and
it can be extended to any m level CHB multilevel
inverter operating at any switching frequency.
Programmed matrix PWM allows balancing CHB
multilevel inverter capacitor voltages, eliminating
certain harmonic orders and avoiding dead time
insertion in commutation cells control signals.
Performance of the proposed method for a five-level
cascaded H-bridge inverter, based on simulation
studies, is evaluated and experimentally verified.

Key words: Programmed matrix PWM, Trust-region Dogleg
method, CHB multilevel inverter, capacitor voltage
balancing.

1. Introduction

With multilevel inverter, as numbers of levels are
increased, the output voltage steps generating
waveform increased synchronously and at the same
time the harmonic distortions are decreased [1,2]. The
main advantages of multilevel inverters compared to
conventional two-level inverters are lower cost, higher
performance, less electromagnetic interference, and
lower harmonic content [1]. The most common
multilevel inverter topologies are the diode-clamped,
flying-capacitor, and cascaded H-bridge (CHB)
inverters with separate dc voltages. Due to modularity

and the ability to operate at higher voltage levels, the
CHB topology is preferred for high-power applications
among other topologies [3].

In CHB inverters, as the number of levels increases,
the quality of the output signal will be improved, and
the inverter output voltage waveform will be closer to a
sinusoidal waveform [4]. Moreover, high voltages can
be managed at the dc and ac sides of the inverter, while
each unit endures only a part of the total dc voltage.
But the most extensively addressed drawbacks of CHB
inverters are the dc voltage balance control across all
dc capacitors of the H-bridge units and the dead time
insertion in complementary commutation cells control
signals [5]. Both have huge influences on the quality of
the multilevel inerter output voltage waveform. In fact
THD increase when the introduced dead time increase,
mainly in low frequency and when the capacity
voltages are unbalanced. Furthermore, balancing units’
output fundamental voltages and avoiding dead in
CHB multilevel inverter commutation cells control
signals to minimize harmonic distortion level still
remain challenging issues [6,7].

Several methods are put forth for the harmonic
elimination in literature. The methods proceeds from
the basic sinusoidal pulse width modulation (SPWM)
which are not able to eliminate lower harmonics
completely [8,9] and space vector modulation (SVM)
where the application of SVM in cascaded topologies
is usually limited to a small number of levels due to the
large number of switching vectors [10,11].



Selective  harmonic elimination pulse width
modulation (SHE PWM) is employed in multilevel
inverters which require solving the non linear harmonic
equations in order to eliminate certain harmonic orders
by the generation of switching angles corresponding to
harmonic elimination. Theory of resultant is proposed
in many researchers to derive the mathematical model,
but this method is complicated, time consuming and
not suitable for the varying input sources.

In fact many studies have been carried out to find

optimal angles using optimization techniques such as
polynomial resultants theory (PRT) [12] or genetic-
algorithm (GA)-based solutions [8]. In the PRT
solution, when the voltage levels of multilevel inverters
are high, the resulting high order polynomial terms can
no longer be solved. In a GA-based method, the main
challenge is that the result may fall into the trap of
local minimums. Therefore, despite its considerable
efficiency for large dimension optimization problems,
it cannot guarantee the best optimized result [3].
In this paper selective harmonic elimination technique
is implemented using Trust Region Dog Leg. This
algorithm resulted from previous useful algorithms to
compensate their shortcomings. In particular:

e The class of methods based on the Newton
iteration fails whenever the Jacobean matrix
becomes singular, and when the initial guess is
far from the solution.

e The steepest descent method assures the
movement in a direction that decreases the
objective function, but the steps are very small
and the computation time is large.

Dogleg utilizes Newton and steepest descent methods.
The combination of these two methods ensures a fast
convergence and a solution of function in the steepest
descent direction. Trust-region method has better
computational efficiency and exhibits more stable
convergence characteristic. It is considerably more
robust than other optimization methods without any
extra computational burden.

In this paper, Trust region dogleg optimization
technique is utilized to find out the optimized
switching angles using a set of non-linear equations
derived to selectively eliminate specific harmonics
(Selective Harmonic Elimination). As result, a
programmed matrix PWM (PMPWM) is developed
which allows:

¢ Replace HB cell DC voltage with a capacitor and

provides voltage regulation across its voltage

e Eliminate certain order harmonics

¢ Avoid the dead time insertion in complementary

commutation cells control signals

e Obtain the desired multilevel inverter output

voltage wave form with minimum Total Harmonic

Distortion (THD)

This paper is organized as follows. Section 2
describes power topology of cascade multilevel
inverter. Harmonic minimization problem in CHB
multilevel inverter based on trust region Dogleg
optimization is explained in section 3. Section 4
provides the detailed analytical discussion of
programmed matrix PWM and voltage balancing
control methods. Simulation results are included in
section 5. Experimental results are presented in section
6. Finally, the concluding remarks are drawn in section
7

2. Power Topology Of Cascade H-BRDIGE
multilevel inverter

The basic structure of hybrid multilevel inverter is
based on connection of H-Bridge inverter units (HBs).
Figure 1(a) shows the circuit for one phase leg of a
multilevel inverter with j HBs in each phase. Each unit
has its own separated dc source (SDCS), which may be
obtained from an ultracapacitor, battery, fuel cell, solar
cell, etc [3,4]. In order to generate the multilevel
voltage waveform, the ac terminal voltages of different
H-bridge inverters are connected in series, and the
overall output voltage Va is given by the sum of H-
bridge voltages [6]. Each full bridge inverter can
generate three different dc voltage levels of +E, 0 and —
E in its ac terminal, which depends on the state of four
commutation cells Sil , Si2 , Si3 , and Si4, such as i
represents the H-bridge number with i€[1 j] [13]. To
obtain +E, Sil and Si3 switches are turned on. While
for —E level Si2 and Si3 are turned on. The output
voltage would be made zero while switching on either
the switch pairs Sil and Si3 or Si2 and Si4 [7]. If the
DC-link voltages of HBs are identical, is called
symmetrical multilevel inverter. However, it is possible
to have different values among the DC-link voltages of
HBs, and the circuit could be called Asymmetrical
multilevel inverter. In a symmetrical cascade
multilevel inverter where the DC-link voltages of HBs
are identical, for j HB units one phase leg, DC link



voltages are V1=V2=....=Vj=E, where E is the unit
voltage. The numbers of output level are normalized

by:
m=2j+1 (1)

j is the number of the H-Bridge inverter connected in
series, and m is the number of output levels in each
phase as seen in equation (1).

The synthesized single-phase staircase voltage of an
m-level cascade inverter is illustrated in Figure 1(b).
To obtain the three-phase configuration, the outputs of
three single-phase cascaded inverters can be connected
in Y or A shape [12].
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Fig.1: (a) Topology of a single-phase Cascade HB multilevel
inverter. (b) Staircase CHB multilevel inverter output
voltage.

3. Harmonic Elimination based on trust region
dogleg analysis
In this section staircase voltage waveform as shown

in figure 1(b) is chosen for the select harmonic
elimination (SHE) technique in multilevel inverters [5].

The number of switching angles in a quarter cycles is
limited to k in the staircase voltage waveform. In this
method, the number of harmonics that can be
eliminated is limited to s-1, such as s is the number of
half cycle levels and E is the amplitude of the voltage
levels.

By using Fourier series the staircase output of
multilevel inverter with equal input sources is
described in equation.(2).

Va(wt) = ¥i=135. Hp(8)sin(nwt) (2)

Where, H, is the amplitude of the harmonics.
The switching angles 6.6, must satisfy the
following condition
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Because of an odd quarter-wave symmetric
characteristic, the harmonics with an even order
become zero. Subsequently, H, becomes

N R

H,(0) = Y52} cos(nfy) ; Foralloddn  (4)
H,(6)=0 ;

The system of equations to be solved contains k

For all even n (5)

nonlinear equations and is represented by the
following.
(cos(8;) + cos(8,) + -+ cos(8) = 5~

cos(561) + cos(50,) + -+ cos(56,) =0
cos(76,) + cos(70,) + ++- cos(76,) =0 (6)

cos(nb,) + cos(nfy) + - cos(nb,) =0

The objective is to find the switching angles to
force the component odd harmonics to zero while
keeping the relative fundamental component at a
desired follow

Va,
H, = Tl (7)

Where V,; is the magnitude of fundamental frequency
of given voltage
And M is the modulation index defined as:

M=% y1=y2=..=Vj=E (8)

SE



Switching angles are calculated with the help of
MATLAB program using trust region dogleg algorithm
for a range of modulation indexes. The flowchart of the
dogleg trust region algorithm is shown in Figure 2
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Fig.2. Trust Region Dogleg algorithm flow chart for
calculate switching angles

Angles are calculated using equation (4) which must be
satisfied.
0 is an array containing initial guess for: 8; + 0,465 +
Oy
Where, 6 is the correction step, A is the trust region
radius, and f(0) = YK, [f;(6)]? is the sum of squares of
residuals.
As shown in Figure 2, the first step of iteration is to
find a correction & to be applied to the approximation
0. This correction is a combination of the Newton
direction and the steepest descent direction. This
retains the fast convergence of the Newton’s method,
and assures getting a stationary point of F(0) by the
steepest descent direction [14-16].
o [f A is large, the correction § is the Newton step
only.
o If A is small, the correction 6 is a multiple of the
steepest descent step only.

The second step is to revise A in order to determine the
step-length for the new iteration to be successful in
obtaining the inequality F(6-+8)<F(0) [19,20] .The trust
region radius can be increased or decreased. The third
step is to check if the correction 6 has decreased the
function values. If yes, replace 6 by 6+0 (fourth step).
If not, repeat the iteration with the new smaller value
of A.

4. Programmed Matrix PWM Algorithm For CHB
Five Levels Inverter Control

In this section, a cascaded multilevel inverter with
only two H-bridge cells is considered. For a two-cell
inverter (n=2), effective number of output voltage
levels s is equal to 3 (s=3) and the number of the
switching angles to be calculated is equal to s-1=2, (6,
and 0,). In fact 61 and 6, correspond respectively to the
5" and 7™ harmonic that must be eliminated. As result,
output voltage Val is either -V1, 0, or +V1 while the
output voltage of second HB cell (HB2), can be either -
V2, 0, or +V2. Accordingly, the output voltage of the
converter in different cases is shown in figure 3.
However, we demonstrate in this section that only the
first cell needs to be supplied by a real dc power source
and the remaining cell can be supplied with capacitor
replacing its dc source [1, 15]. In this case the entire
power can be supplied by only the first source. The
replacing capacitor must only maintain a constant dc
voltage supplying zero net power. Although this
approach benefits from cost reduction and balancing
the voltage across the replacing capacitor turns out to
be a challenge [15]. Voltage regulation of the replacing
capacitor is a key issue for the quality of the CHB
multilevel inverter output voltage wave form [9, 11].
In this section, the impacts of the connected load to the
cascaded H-bridge inverter as well as the switching
angles on the voltage regulation of the capacitor are
studied. This study proves that voltage regulation is
only attainable in a much limited operating conditions
that it was originally reported

Moreover, dead time has a huge impact on the
quality of the CHB output voltage waveform. THD
increase  when dead time is introduced in
complementary commutation cells control signals.
Mainly in low frequency, when dead time increase
THD increase and this is verified experimentally in
section 6.



As shown in figure 3, CHB five levels inverter
commutation cells control signals and switching angles
are programmed in a matrix form. Based on redundant
states, we select the appropriate switching angles for
which we correspond the adequate CHB Five levels
control signals. Control signals pattern choice is based
on some requirements such as the desired CHB Five
levels inverter output voltage, HB2 capacitor voltage
balancing and dead time elimination.

In fact the objective of this section is to develop a

programmed matrix PWM (PMPWM) which allows to:

¢ Replace HB2 DC voltage (V2) with a capacitor and
provide voltage regulation across its voltage, in this
regard a technique to regulate the voltage of the
replacing capacitor is described below.

e Eliminate the 5™ and 7" harmonics

e Avoid the dead time insertion in complementary
commutation cells control

¢ Obtain the desired multilevel inverter output voltage

As it can be observed from figure 3, if V1=V2 =E,
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the output voltage has five (5) levels. The output
voltage level at E can be generated in one way, to
choose Val=V1=E and Va2=0. In this case, V2 will be
charged for positive output currents. The second way is
to choose Val=0 and Va2=E. In this case, V2 will be
discharged for positive output currents. As result we
must choose the first way in which the capacity voltage
will be charged.

A similar argument can be made when the desired
output voltage is -E. In this case, we must choose
V1=0 and V2=-E in which V2 will be charged for
negative output currents Therefore, the output voltage
will have five levels as illustrated in figure 3.

To balance HB2 capacitor voltage, redundant states
are used to select the appropriate switching angels 61
and 62 which will be described here and must satisfy
the following condition.

(0<01<02<n/2) (9)
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Fig 3: Programmed Matrix PWM for a single phase HB five levels inverter



Based on Figure3, the period can be divided into the

following subintervals

Interval HB 2 capacitor voltage state
I: O<owt<6l no capacitor charge or
discharge
Il: 0l<wt<62 no capacitor charge or
discharge
I 02 <wt< n-62 capacitor discharge

IV: m-02<ot<n- 01

V: -0l <ot<ntil
VI: w40l < ot <7+ 62
VII: 7+62 < ot < 27- 62
VII: 2 7-02 <ot <2x- 61
IX: 2701 < ot< 21

no capacitor charge or
discharge

capacitor charge
capacitor charge
capacitor discharge
capacitor charge

capacitor charge

Tablel. HB2 capacitor voltage states

In order to achieve capacitor voltage regulation, the
capacitor discharge in subintervals 111 and VII must be
less than the capacitor charge in subintervals V, VI,
VIl and IX.

In subintervals | and 1l capacitor is not involved and
obviously Vc(61) = Vc(6#2)=Vc=E.

Assuming that the initial voltage of the capacitor is
E, we can express the capacitor voltage in subinterval
Il as:

T, is the duration of subinterval Ill. In this case the
capacitor voltage has decreased by:

n—20;

AVe(T3) = Ve(0,) =Ve(mr — 6;) =Ee ot (11)

In subinterval IV where T, is the duration of this
subinterval, capacitor is not involved and obviously

Vc(n-62) = Ve(n-61). For the fourth subinterval, we can
write.

AVe(Ty) =Ve(m—0,) =Ve(r—6,) =0 (12)

For the fifth subinterval where Ts represents its
duration, capacitor charges and its voltage has
increased by:

AVe(Ts) =Ve(m+0, ) = Ve(n—07) (13)
T-20,+261 264
AV (Ts) = E(e wr —e wr) (14)

Te is the duration of subinterval VI where capacitor
charge, and its voltage has increased by

AVe(Te) = Ve(m+0;) = Ve(n+6y) (15)
0,-01 01462 m-01-0> m—02+01
= E(—e wt +e ot +e ot —e T ) (16)

Concerning subinterval VII where T represents its

wt—0,
Ve(wt) = E—Fe o (10) duration, capacitor discharges and its voltage has
decreased by:
AVe(T7) = Ve(2rn—03) — Ve(n+63) (17)

Such as:

m—20,-201 2T—46,

2m—302+04

m—20, m—30,-01 2m—-40,+204

AVC (T7) = E(e T + e ot 4+ e T

—e oot —e ©T —e ot ) (18)

During subinterval V11, where Tgrepresents its duration. Capacitor voltage has increased by:

AVe(Tg) = Ve(2m—8;) = Ve(m+6,) (19)

Such as:



_ﬂ 92—61 62+91 11.'—292 Tl'—92—91 Tl'+291—292
AVpe(Tg) =E(1+e ot +e ot —e wr +2¢ ot —2e ot —2e wt (20)
n—0,+6, 2m—46, 2m—36,-64 2m—46,+26, 2n—460,+61 6,_64
+2e wT —e wt +e wT +e wT —e T )e wT
Ty is the duration of this subinterval 1X. The capacitor voltage has increased by:
AVe(To) = Ve (2m) — Ve (2m— 6, ) (21)
Such as:
292 92—61 62+61 1'[—292 1'[—92—91 T[+291—292
AVpe(To) =E(1—e ot —e ot +e ot —2e ot +2e ot +2e ot (22)
m+01-6> 2m—46; 2m—360,-61 2m—460242601 2n—4602+01 0,_601 61
—2e ot +e wt —e wT —e + e ot )(e wt — e arr)
For successful capacitor voltage regulation, we need to have:
|AVE (T3) |+ 1AV (T7)| < |AVE(Ts)| + AV (Te)| + [AVE (Te)| + AV (To)| (23)
After simplification, the constraint on the switching angles that must be satisfied can be described as follow:
_ﬂ n+201-260, n—0,+601 n—260, 2m—360,+601 0,-01 n—02+601 n—360,-01
1—e wr4e Wt —e Wt +e ot e T —e wrt —e wT + e T >0 (24)

Since the capacitor for the auxiliary inverter (HB2)
is chosen to be a big capacitor, we can make some
assumption to simplify equation and achieve a simpler
formula. If we assume that time of each subinterval of
the output voltage waveform is less =R*C by
expansion of exponential terms of the equation (24)
and using only two first term of the series, equation
(24) can be simplified as

36, — 56, > 2 (25)

Based on trust-region to calculate the switching
angle to eliminate 5" and 7" harmonics, we
represent in figure 4 the switching angles 61 and
02, versus the modulation index M. Based on this
graphic we must choose the index modulations

which verify the relation (25) to obtain CHB 5
levels inverter with a balanced capacitor voltage

and in the same time to eliminate the 5" and 7"
harmonics.
90,
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Fig.4. Switching angles 0, and 6, versus modulation index M
based on Trust Region Dogleg method

Figure 4, shows that relation (25) is verified and HB2
capacitor voltage is balanced, only for Me[0.88 1].



5. Simulation Results

Based on MATLAB-Simulink, single phase five
levels inverter is used to drive a resistive load (R
=50Q) such as the first HB inverter unit (HB1) DC
source voltage = 20V, HB2 capacitor voltage =20V
with a capacity value C=150uf.

In case modulation index M is desired to be 0.9 the
switching angles should be #1=27.001° and
02=73.650°.

Based on simulation result of figure 5, HB2
capacitor voltage is balanced, and the predictions of
(24) and (25) on capacitor voltage regulation agree
with the simulation result.

Second H-Bridge Cell capacity voltage
I I I

04 02 03 04 05 08 07 08 08 1 Al
Time (s)

Fig.5.Simulation result of the HB2 capacitor voltage
evolution
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Fig.6. (a) CHB five levels inverter output voltage, (b) Output
voltage THD distortion (%)

Simulation results for the replacing capacitor

voltage and output voltage waveform are depicted in
Figure 5 and figure 6(a), respectively. As it can be
observed from the simulation results of figure 6(a), the
regulation of the capacitor voltage is feasible if 6, is
very close to n/2.
Figure 6(a), and 6(b), show that for M=0.9, #1=27.001°
and 62=73.650°, the desired CHB five level inverter
output voltage is obtained, and the 5" and 7™ are
eliminated.

6. Hardware realization and experimental results

A low-power five-level CHB inverter prototype has
been developed to verify the feasibility of the proposed
strategy and confirm the validity of the simulation and
theoretical findings. The prototype inverter is based on
two-cell CHB units by using the 800V, 7.8A MOSFET
(IRFPES50) as switching devices. CHB five levels
inverter is used to drive a resistive load (R =50Q) with
HB1 DC source voltage = 20V and HB2 capacitor
voltage =20V with capacitor value C=150uf. Output
voltage frequency: f=50 Hz. Modulation index is
chosen to be M=0.9 where the switching angles
01=27.001° and 62=73.650°.

The programmed matrix PWM binary file (. bin
file) is loaded in a Programmable EPROM, used to
generate the required PWM waveform control signals
after storing the required switching angles(degree
values), obtained in the previous section and
converting them into time domain. A binary counter to
convert switching angles from degree values into time
domain (us) as shown in figure 7. The Less Significant
Bytes (LSB) (A,...A ;) of EPROM address bus are used

as base of time for programmed matrix PWM. Base of
time is generated by an 8 bits counter.
Most Significant Bytes (MSB) of the address bus

(Ag Ay) are used for CHB Five inverter control
signals.

As shown in figure.7, the 8 control signals of the CHB
five levels inverter commutation cells are generated at
the output data bus of the EPROM (D, Dy, D,, D3, Dy,
DsD6,D;Ds).

Figure 8 shows the realized experimental set-up to test
the programmed matrix implemented into EPROMs to
control the five levels CHB inverter.
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Fig.7. Programmed Matrix PWM synoptic for single phase CHB 5 levels inverter

Card of MOSFETS drivers and Galvanic Isolation HB 1 first commutation cell (511) control dignal
HB 2 first commutation cell (S21) control signal

HB 2 capacitor voltage Three phases CHB Five levels inverter switchers for Dead time varying

CHB 5 levels inverter Control card based on EPROMs

Fig.8. (a) Photograph of the Experimental Prototype of the PMPWM for CHB five levels inverter control
(b) Control signals of the first commutations cells of HB1 and HB2 respectively



Figure 9 shows the experimental HB2 capacitor
voltage .It is clear that HB2 capacitor voltage is
balanced and it evolves to its target operating voltage.
This result confirms that the programmed matrix PWM
modulator guarantees the HB2 capacitor voltage
balance.

Ve(5Vidiv)

e NI, PPRRE- Tt R L

~ i(10ms/div) :
Fig.9. Experimental result of HB2 capacitor voltage

The experimental result of the per phase five levels
CHB inverter is given by figure 10 and figure 11. We
can clearly see in figure 10 that the output voltage is
formed by m=>5 distinct voltage levels.

Figure 11, shows that for M=0.9, #1=27.001° and
6#2=73.650° and for the desired CHB five level inverter
output voltage the 5™ and 7" are eliminated. In fact
experimental results confirm the high performances of
the embedded Programmed Matrix PWM control of
this inverter.

| 20V/div

u;ﬁ:n;fdiu)

Fig.10.Experimental result of the single phase CHB five
levels inverter output voltage waveform
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Fig.11.FFT analysis of the experimental output voltage

The comparison of hardware results with the
simulation results is shown in figure 12. From this
figure, it is concluded that for the modulation
indices ranging from 0.88 to 0.98 when HB 2
capacitor voltage balancing condition is verified,
both hardware and simulation results are very close and
almost they agree each other.
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Fig.12.Comparision of simulation and hardware results

In experimental section, switchers are used for
varying dead time. It is introduced in complementary
commutation cells control signals for one unit H-
Bridge cell. As results, figure 13, shows that when
dead time increase THD increase. This illustrates the
huge impact of dead time on the quality of the cascade
multilevel inverter output voltage.
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Fig.13. Dead time impact on harmonic distortion

7. Conclusion

The single-dc-source cascaded H-bridge inverter
was investigated in this paper. Trust-region dogleg
technique has been used to obtain the optimum
switching angles. A programmed matrix PWM based
on trust region dogleg is developed to control CHB
Five levels inverter.
A prototype model based on this Novel technical for
cascaded five levels inverter control is implemented to
validate the simulation results. The comparison of
hardware results with the simulation results discloses
that hardware results closely agree with that of
simulation

In this paper Programmed matrix PWM objectives
are achieved and it allows eliminating the 5th and 7th
harmonic of the output voltage, balancing the HB2
capacitor voltage and avoiding dead time insertion in
complementary commutation cells control signals.
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