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Abstract—this paper proposes a hybrid modulation 
method for a dual-output five-leg indirect matrix converter 
topology. The proposed control technique combines a 
space vector modulation scheme (SVPWM) applied to the 
rectifier stage so as to control the input currents and a 
new digital scalar modulation scheme (DSPWM) designed 
to control the two loads output voltages. A generalized 
expression of the output voltage references is also 
developed showing the capability of the proposed method 
to control more than two independent loads without 
requiring additional mathematical development. 
Furthermore, a new modified expression of the output 
voltages references is proposed to enable the correct 
operation of the converter under unbalanced grid 
voltages. Also, the paper proposes a detailed 
mathematical analysis that allows evaluating the effect of 
output loads unbalances on the input current harmonic 
content. Simulation and experimental results are provided 
to show the effectiveness of the proposed theoretical 
investigations and confirm the capability of the proposed 
method to control multiple drive systems as well as ac 
input currents.   

Index Terms— ac/ac conversion, carrier-based pulse 
width modulation (SPWM), dual-output converter, fault-
tolerant operation, grid-connected converters, load 
unbalance, matrix converters, multi-drive systems, scalar 
modulation, space vector modulation (SVPWM), 
unbalanced grid voltages.  

I. INTRODUCTION

ATRIX converters are ac/ac power conversion type of 
topologies that can provide sinusoidal input/output 

waveforms, unity input power factor operation, and 
bidirectional power flow [1] [2]. Their more important benefit 
over traditional ac/dc/ac power conversion topologies is the 
absence of electrolytic dc-bus bulky capacitors [3] [4]. The 
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latter is suitable to design high compact and reliable power 
supplies operating in hostile environment such as high 
temperatures and high pressures. The conventional indirect 
matrix converter (IMC) shown in Fig. 1 consists of a four-
quadrant 12-switch rectifier stage cascaded with a two-level 
six-switch inverter stage [5]. This topology has some 
favorable characteristics compared to the direct matrix 
converter such as a simpler commutation scheme and a more 
compact clamping circuit. It also offers the possibility of 
reducing the power switches number in case of unidirectional 
power flow application [6]. 

In recent years, many research papers have demonstrated 
that this conventional IMC topology can be extended to 
perform independent control of more than a three-phase ac 
load. Such application is nowadays required in many 
manufacturing process such as steel, textile, and paper 
industries. Therefore, several new IMC topologies were 
proposed with the aim to reduce the cost and volume of such 
multi-machine drive. Note that the reduction of power 
semiconductors count allows saving on the number of gate 
drivers and other electronic circuits such as microcontroller’s 
pwm outputs. The first alternative to the reduction of power 
semiconductors number is the use of more than one rear end 
inverter sharing the common virtual dc-link voltage produced 
by the front end rectifier of the IMC [7].  In this framework, a 
three-phase dual-output IMC that uses only one rectifier stage 
cascaded with a pair of three-leg inverter stages was 
investigated in [8] [9]. A second alternative to further 
reduction of switches count is to use more compact topologies. 
In this framework, a dual-output IMC topology with a nine-
switch inverter stage has been proposed in [10]. The reduction 
of power semiconductors count in the nine-switch inverter 
stage is obtained at the cost of the switch rating which needs 
to be doubled.  Indeed, each power semiconductor of the nine-
switch inverter stage must ensure a common current path of 
both loads 1 and 2. The third alternative, proposes a dual-
output IMC with five-leg inverter [11]. Its conceptual 
topology as shown in Fig. 2 consists of a rectifier stage 
cascaded with a five-leg inverter. Four legs of the inverter 
stage feed two phases of each load while the remaining two 
phases C1 and C2 are connected to a common leg of the 
inverter stage. As compared to the conventional dual-output 
IMC, the number of active switches in the inverter stage is 
reduced from 12 to 10. On the other hand, the switch capacity 
is divided by two as compared to the IMC’s nine-switch 
inverter except the common leg, where the switches must 
ensure a common current path for both loads 1 and 2. 
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Furthermore, it has been shown in [12] that the five-leg 
inverter losses are less than those of nine-switch inverter. Note 
that the five-leg inverter topology is well suited to two-motor 
constant power applications especially center-driven winders 
[13] [14]. On the other hand, this topology is very suitable to
enable the fault-tolerant operation of a conventional two-
motor drive that consists of two independent three-leg
inverters stages. Indeed, one can simply eliminate the faulted
leg and reconfigure the healthy legs into a five-leg inverter
[15] [16].

Up to now, two modulation methods have been developed
to control the dual-output five-leg indirect matrix converter 
[11].  The first one is based on the SVPWM technique and has 
not been implemented owing to its complexity. The second 
method is based on the carrier PWM technique where two 
modulation signals and one logical equation are needed to 
generate the switching sequences of each two transistors 
forming one leg of the five-leg inverter stage. Moreover, the 
mathematical development made to obtain the modulation 
signals is based on the expressions of application times that 
are determined by the SVPWM method. Unfortunately, the 
overall complexity of the SVPWM theory increases when the 
number of space vectors describing each set of three-phase 
output voltage system is more than one.  

Note also that many algorithms were proposed in the recent 
literature to control the conventional five-leg inverter topology 
fed by a constant dc source such as the carrier-based PWM 
[13] [17], the space vector PWM [13], the scalar PWM [18],
the finite state machine PWM [19], the predictive control [14]
[20],  etc. Obviously, these control schemes cannot be applied
to modulate the input currents and output voltages of the
matrix converter topology since the latter is supplied by a
three-phase voltage system and not a dc source.

Fig. 1. Topology of a standard indirect matrix converter (IMC) 
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Fig. 2. Topology of a dual-output five-leg IMC 

This paper proposes a new hybrid modulation method 
which uses the SVPWM technique to control the rectifier 
stage and a modified digital scalar modulation method 
(DSPWM) to control the five-leg inverter stage. For instance, 
for each leg of the converter five legs, the new algorithm 
computes only one modulating signal that allows the 
determination of the opportune duty cycles. The obtained five 
duty cycles are thereafter used by the DSP to generate the 
switching sequences of the 5-leg inverter stage; without the 
need of any additional logical operation. A generalized 
expression of the output voltage references is also given to 
show the capability of the proposed method to control more 
than two independent loads. Furthermore, a modified new 
expression of the output voltages references is developed to 
enable the correct operation of the converter under unbalanced 
grid voltages. Also, the paper provides a detailed 
mathematical development to evaluate the effect of 
unbalanced loads connected to the converter’s output on the 
input current harmonic content.  

This manuscript is organized as follows. Section II, 
describes the operation principle and pwm control method of 
the rectifier stage. Section III explains the proposed DSPWM 
method applied to the five-leg inverter stage. Section IV, 
provides a detailed mathematical analysis of the output loads 
unbalances on the input currents harmonic content. In section 
V, simulation and experimental results are given to show the 
effectiveness of the theoretical development made in this 
paper. Finally, some conclusions are given in section VI. 

II. OPERATION PRINCIPLE AND SVPWM CONTROL
TECHNIQUE OF THE RECTIFIER STAGE 

The rectifier stage shown in Fig. 2, which operates in a 
similar manner as a four-quadrant current source rectifier, 
must provide sinusoidal input currents ( , ,	 	  with 
unity input displacement factor as well as a positive voltage 
( ) across the virtual dc-link [1] [5]. The operation principle 
and modulation method explained hereafter are based on the 
SVPWM theory applied to conventional single-output IMC 
topology. The four-quadrant switching devices (TaH, TaL, TbH, 
TbL, TcH, TcL) can assume 9 switching states that can be 
classified into 2 groups:  
- 6 active states: giving rise to 6 active currents vectors and 6
different values of the dc-link voltage (  as illustrated in
Fig. 3. The number 1 means the top four-quadrant switch ,
of the leg  ( , , ) is ON and the bottom ,is OFF. The
opposite case is represented by the number -1. Finally, the
number 0 means both switches , and , are OFF.
- 3 zero states:  Both the current in the rectifier stage poles
and voltage across the virtual dc-link are equal to zero. These
states are not represented in Fig. 3 for clarity purpose.

Assume now that the converter is fed by a symmetrical and 
balanced three-phase voltage system: 

2343 				 			 1  
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Fig. 3. SVPWM of the input current reference vector ̅  

The three-phase system of (1) can be represented by the 
space vector  obtained according to the following complex 
transformation where	  can represent a voltage or current 
vector.  23 																								 2  

In a similar manner, the three input currents ,	 ,	 	  that must be provided by the rectifier stage 
can be represented in the complex plane by the space vector ̅  obtained according to (2). At any sampling time, the 
direction of ̅  can be deduced from the position of   in the 
complex plane as well as the target input displacement angle 

 as illustrated in Fig. 3. In the example of Fig. 3,  ̅  is 
located in sector 1 and   is its phase angle within 
this sector. Therefore ̅  can be modulated by impressing the 
two adjacent active vectors ̅  and ̅   by the two duty cycles 

 and . According to the geometrical construction of 
Fig. 3, one can obtain the following relationships:  | ̅ | 3 | ̅ |																							 3.  

 | ̅ | | ̅ |																																 	3.  
 

Moreover, in order to provide the highest value of the dc-
link voltage, one should use only the active vectors implying 
that: 1																																						 3.  

By taking into account that the active vectors have the same 
amplitude (| ̅ | | ̅ | , the expressions of  and  are 
derived from (3.a-b-c) as follows: 

36 	,							 			 6 						 4.  

Equation (4.a) can be generalized for the six possible 
positions of ̅  by substituting the term  by ̅

1  where  is the operating sector of ̅ . Therefore, 
equation (4.a) is rewritten as: 3 ̅6 ̅ 	,							 			 ̅6 ̅ 						 4.  

 
Note that, the unity power factor operation is achieved by 

modulating the input current space vector ̅  along the same 
direction of the grid voltage space vector . According to 
Fig.3, the input displacement angle  between ̅  and  must 
be set to zero which means   at any sampling time.  

On the other hand, the example of Fig. 3 shows that two 
values of the virtual dc-link voltage are provided over a 
switching period. Indeed, the voltage Vdc is equal to Eab during 
the application of the first switching state [1-10]. It becomes 
equal to - Eca during the application of the second switching 
state [10-1]. Therefore, the local average value of Vdc within a 
switching period is deduced as follows: 〈 〉 																												 5.  

 
Replacing (1) and (4.b) into (5.a) yields:  〈 〉 32 6 ̅ 																											 5.  

It is clear that the dc-link voltage includes a low-frequency 
ripple term due to the variation of ̅  within the range , . 
This ripple will be compensated by the proposed modulation 
scheme of the five-leg inverter stage as discussed in section III 
hereafter.  

III. THE PROPOSED DSPWM TECHNIQUE APPLIED TO THE 
FIVE-LEG INVERTER STAGE 

A. Theoretical principle of the DSPWM scheme 
Define , ,  and , ,  as two 

normalized three-phase output voltage systems referred to the 
neutral points of load1 and load2 and given by:  												2343 																						 6.  

												2343 																						 6.  

	 , 	 and 	 , 	are the angular velocities and initial 
phase angles of each three-phase output voltage system. 	 ,  are the two modulation index given by (6.c) where 	 ,  are the maximum amplitudes of the output voltages 
fundamental components.  
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 		 /2																																												 6.  

To synthesize these two three-phase voltage systems, one 
should obviously determine the opportune modulating signals 
which are referred to a virtual midpoint O in the virtual dc-
link. For this purpose, define first the two normalized output 
voltage systems  , ,  and , ,  
referred to the virtual midpoint O. According to Fresnel 
construction shown in Fig. 4a, the relationship between the 
two aforementioned output voltage systems is derived as 
follows: 

																																 7.  

 																																 7.  

 
One can observe the existence of two different common 

mode voltages  and  that must be specified to determine 
the output voltages referred to the virtual midpoint O. For this 
purpose we will first determine a relationship between  and 

. Since the output phases C1 and C2 share the same leg, 
therefore the output voltages  and  are inherently 
equal i.e.   						 8.  

 
It is now possible to deduce from (8.a) a relationship 

between the two common mode voltages  and 	such 
that: 																									 8.  

Accordingly, all normalized output voltages given by (7.a) 
and (7.b) can be expressed in terms of only one common mode 
voltage also referred to as zero-sequence signal such that:   

																																		 9.  

 	 																			 9.  

 
Fig. 4b shows the Fresnel construction justifying the 

relationship given by equation (9.b).  
Since the virtual dc-link voltage provided by the rectifier 

stage is not constant within a switching period as already 
reported in (5.b), therefore the normalized reference voltages 
given by (9.a) and (9.b) are unable to provide the two balanced 
output voltage systems described by (6.a) and (6.b). This 
constraint can be solved simply by compensating the ripple 
term that exists in the denominator of (5.b). Doing so, one can 
obtain the five modulation signals as given hereafter:  

 

 
(a) 

 
(b) 

Fig. 4. (a) Fresnel construction explaining equations (7a) and (7b) – (b) 
Fresnel construction justifying equation (9.b) 

 ∗ 6 ̅∗ 6 ̅∗ 6 ̅ 																							 10.  

	 ∗ 6 ̅∗ 6 ̅ 10.  

Therefore, one can deduce the opportune duty ratios of all 
upper switches forming the five-leg inverter stage 
( , , , , 	  as follows:  

 

, , , , 		 ∗ 12 																														 11  
 
To avoid operation in the overmodulation region and make 

full use of the virtual dc-link voltage, all duty cycles  
computed in (11) should be limited within the range 0,1 , 
leading therefore to the following constraint on the modulation  
signals 	 , , , ,∗   1	 	 	 , , , ,∗ 1																	 12.    

Define, 	 max , , , ,
 and 	 min , , ,, . The relationship in  (12.a) remains 

true if the following two conditions are fulfilled: 
 		 ̅ ̅ 1	 ̅ ̅ 1											 12.    
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The above constraints can be expressed in a generalized 

form using the apportioning factor  (0 1  such that:  2 16 ̅ 	 1 	 									 12.  

Compared to the space vector modulation technique,  is 
equivalent to the ratio ;  is the free-wheeling time interval 
of the five-leg inverter stage, and   is the application time 
of the zero-vector  where all upper switches are 
simultaneously ON. The particular value   leads to the 
following well know expression of  :  	 	2 																												 12.  

Note that the optimized value of   is the one that leads to 
an optimal performance in terms of total harmonic distortion 
THD of load1, load2, and grid currents. Therefore advanced 
optimization methods need to be utilized to solve the problem 
related to the above three constraints.  This very interesting 
problematic is beyond the objective of this paper. 

B. Distribution of pwm switching sequences  
In section II, it is shown that for each switching period, 

there exist two switching states of the rectifier stage giving 
rise to two different voltages across the virtual dc-link of the 
converter. The corresponding duty ratios associated to each 
switching state are namely  and . Therefore, the pwm 
switching sequences of the five-leg inverter stage must be 
distributed with a perfect coordination with those of the 
rectifier stage so as to generate balanced output voltages and 
input currents. This coordination can be achieved by dividing 
each inverter stage duty ratio  	 , , , ,   
proportionally between the two rectifier’s duty ratios  and 

 as illustrated in the example given by Fig. 5 [5]. In this 
example, the input current reference vector is assumed to be 
within sector 1 of the complex plane. When the rectifier stage 
switches are gated so as to obtain the active vector ̅ , the duty 
ratios assigned to the five-leg inverter upper switches are 	 , , , , . Consequently, the duty ratios 
corresponding to the application of the second active vector  ̅ 	become	 	 , , , , .  

Note that the commutation process of the five-leg inverter 
occurs in a similar manner as a conventional voltage source 
inverter. One can also observe that the switching sequences 
can be distributed freely within a sampling period to all five 
legs which makes this algorithm very suitable for common 
mode voltage CMV reduction; therefore contributing 
significantly to solving EMC issues. An extended study can 
therefore be carried out to determine the best switching pattern 
that optimizes the converter’s CMV as well as the conducted 
and radiated disturbances. 

 

 
Fig. 5. PWM switching sequences (a) switching states of rectifier stage 
(b) dc-link voltage– (c) gating pulses of rectifier stage– (d) gating 
pulses of the five-leg inverter stage 

C. Maximum voltage transfer ratio 
In order to enable the five-leg inverter stage to operate in 

the linear region, the maximum amplitude of the line-to-line 
output voltages ( ) should never exceed the dc-link voltage 
[17] i.e. 〈 〉																																								 13  

Consider as an example:  
 																						 14  
 
Substituting   (9.a) and (9.b) into (13) yields: 																 15  

The maximum value of  ( ) is achieved when 
 and   are both equal to their peak 

values i.e. 

 	 	 √3 				 	 √3 			 																	 16  

Where 	 ,  are defined in (6.c). Substituting now (15) 
(16), and (5.b) into (13) yields: √3 √3 32 6 ̅ 									 17.  

 Define the two output to input voltage transfer ratios 
 and . Therefore, equation (17.a) can be 
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rewritten as follows: √32 6 ̅ 		 17.  

It is clear that the maximum values of  and  are 
obtained when the right side hand term of (17.b) is equal to its 
minimum value i.e. ̅ 1, which yields:√32 						 	 18  

Assume now the two output voltage systems are perfectly 
synchronized i.e.  and . Consider the same 
previous example. The line voltage  is expressed as 
follows:  	 23	 		 19.  

 Taking into consideration,  and , leads to: 	 		 19.  

Where 	   and 	 √
 

Using the same constraint defined in (13), leads to: 	 32 6 ̅ 				 20.  

Consider the situation where 	  i.e: 	 		 20.  

Therefore, the following inequality remains true: 	 	 √3	 	 20.  

The inequality in (20.c) remains always true if √3	
 , leading to the following constraint on :  √32 6 ̅ 				 21.  

The minimum value of the right side hand term of (21.a) is 
achieved when ̅ 1. Therefore, the condition for

 is derived from (21.a) such that:  √32 					 		 21.  

Considering (20.b), one can also deduce:  √32 						 	 21.  

Equations (21.b-c) clearly show that if the two output 
voltage systems are perfectly synchronized, both voltage 

transfer ratios can be increased up to √ . In case of 

unity power factor operation, we have,  √ , 
which constitutes an advantage to this system. 

D. Algorithm extension to control multiple output loads
This technique can be easily extended to control multiple

output loads without requiring additional mathematical 
development. In fact, the modulation signals for the kth load 
are directly derived from equation (10.b) where the subscript 2 
is simply replaced by k as shown in equation (22).  ∗ 6 ̅∗ 6 ̅ 	 22  

E. Algorithm extension to operate under unbalanced
grid voltages

When the converter is fed by an unbalanced three-phase 
grid voltage system, the modulation algorithm must minimize 
input currents distortions and provide balanced output voltages 
with reduced low-order harmonics. The input current 
distortions can be minimized by adopting the method 
recommended upon the comprehensive analysis made in [21]. 
It consists simply in modulating the input current space vector ̅  shown in Fig. 3 along the direction of the positive sequence 
of the grid voltage space vector. Note also that closed-loop 
control methods of the input current provided by the 
conventional indirect matrix converter [6] remain valid with 
this topology. As for the control of the five-leg inverter stage, 
one can estimate the expression of the local average value of 
the dc-link voltage in a similar manner as done in [6] which 
yields to:  

〈 〉 32 26 ̅ 	 23  

 and  are the peak amplitudes of grid voltages 
positive and negative sequences.  is the initial phase-angle 
of grid voltage negative sequence [6].  One can observe that 
an additional ripple term with frequency equal to twice of the 
grid appears in the expression of 〈 〉.	 Accordingly, the 
opportune modulating signals are deduced by multiplying the 
normalized output voltages (9.a) and (9.b) by the inverse of 
the ripple term as shown in (24.a) and (24.b).  

∗ 	 6 ̅2
∗ 	 6 ̅2
∗ 	 6 ̅2

				 24.  
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∗ 	 6 ̅2
∗ 	 6 ̅2

		 24.  

IV. INPUT CURRENT HARMONIC CONTENT UNDER OUTPUT
LOADS UNBALANCES

To investigate the effect of unbalanced loads that could
be connected to the converter’s outputs on the input current 
signature, let us first determine a generalized expression of 
the instantaneous input current space vector ̅ . For this 
purpose, assume ̅   is modulated along the direction of an 
arbitrary space vector Ψ  [22]. By doing some mathematical 
developments, quite similar to those made in [22], the 
expression of  ̅  can therefore be deduced in terms of grid 
voltage space vector  , the instantaneous output power  , 
and Ψ  such that: 

̅ 43 	Ψ			Ψ	∗ ∗		Ψ	 						 	 25  

Where,  	 	  is the grid voltages space vector, and the 
* stand for the complex conjugate operator. According to the
modulation algorithm of the rectifier stage discussed in section
II and the geometrical construction of Fig.  3, the space vector
Ψ  can be chosen as follows: 

Ψ 	 	 				 		 26 		
Reporting (26) into (25) leads to: ̅ 23	 	 					 	 27  

On the other hand, the analytical expression of the 
instantaneous output power Po can be computed in terms of 
output voltages and currents space vectors as follows:  34	 	 ∗̅ 	∗ ̅ 	 28  

By neglecting the high switching frequency harmonic 
components of both three-phase output voltages, the latters are 
therefore considered perfectly sinusoidal and balanced. Their 
corresponding space vectors expressions are: 

	 	 	 	 29.  	 	 	 		 29.  , 	, 	 1,2  are the two output voltages 
systems peak amplitudes, angular velocities and initial phase 
angles respectively. The space vectors ̅  and ̅  of output 
currents demanded by unbalanced loads include therefore a 
positive and a negative sequence components such that: ̅ 	 	 	 	 	 					 	 30.  ̅ 	 	 	 	 	 			 	 30.  

Introducing (29a-b) and (30a-b) in (28) leads to: 34 	 	 	 		 	 		 	 			 31  

Therefore, the instantaneous expression of the input 
current space vector can be deduced by replacing (31) in (27) 
leading to (32). Equation (32) shows that the harmonic 
spectrum of the input current space vector ̅  may include the 
following low-frequency components: 
- A Fundamental component with frequency equal to , and

peak amplitude equal to 	 	 	 	 	 		 	 	
- 4 harmonic components with frequencies equal to 2 , 2 , 2 , and  2 . Note that for the
common frequency mode of operation i.e.  , the lower
frequency harmonics caused by unbalanced loads are reduced
to only two components.

It is also worth noting that the operation at unity input 
power factor minimizes the amplitude of the fundamental and 
harmonic components of the line currents resulting in reduced 
losses in the grid.  

V. SIMULATION AND EXPERIMENTAL RESULTS

In this section, experimental results are provided showing 
the operation of the proposed topology and the performance of 
the control algorithm under balanced grid voltages. Moreover, 
the assessment of the line current quality in case of 
unbalanced output loads is performed based on simulations 
results. All the tests are carried out with μ = 0.5 

̅ 1	 	 	 	 	
	 	2 	 	 	 			 32  



0278-0046 (c) 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.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TIE.2016.2594038, IEEE
Transactions on Industrial Electronics

IEE

A.

leg
pe
th
ph
leg
th
sy
cy
sig
di
D
pu
on
ad
op
II 
re
th

B.

Fi
lin
re

12
on

als
di
th
tra
ex
vo
ob
th

Fig

EE TRANSACTIO

. Experimen
A scaled-dow

g indirect mat
erformance of 
e experimenta

hase R-L type 
g inverter stag
rough a LC 

ynchronization
ycles for the r
gnals and duty
stribution of t
SP TMS320F
ulses for the 5-
nly the epwm 
dditional CPL
perations. On t

of Xilinx) is
ctifier stage p
e experimenta

. Common f
For this op

ig. 7 and Fig. 
ne currents flo
sults are obta

. The li
20V. Note tha
nly if the ou0. A
so sinusoidal
stortions, no 
e waveforms 
ansfer ratio 
xpected by (21
oltage and th
bserve that bo
at near unity i

g. 6. Photo of th

ONS ON INDUSTR

ntal setup 
wn laboratory 
trix converter 

f the proposed
al prototype i
of loads are c
ge, while the 
filter. The c

n with the gri
rectifier stage
y cycles for th
the switching 
F28335 of Te
-leg stage swi
modules of th

LD chip to im
the other hand
 utilized to g
ower switches

al tests are list

frequency mo
perating mode
8a illustrate b
owing through
ained with q1 =
ine-to-line gri
at the value 0.
utput voltages 
As can be see
l. Apart from
low frequenc
of the load cu
can effective

1b-c). Fig. 8b 
he line curren
oth waveforms
input power fa

he experimental 

RIAL ELECTRONIC

prototype of 
was built to t

d modulation s
is shown in F
connected to th

rectifier stage
control algor
id voltages, c
, computation
he five-leg inv
sequences is 

exas Instrume
tching devices

he DSP device
mplement the
d, a low cost C
enerate the ga
s. The system 
ed in table I. 

ode   
e, both load fre
both load curre
h the input fil
= q2 = 0.86, f
d voltage peak
.86 of q1 and 

are perfectly
en the current

m the high sw
y harmonics 
urrents imply

ely reach the
displays the p

nt in the sam
s are in phase
actor is achiev

prototype show

CS 

f a dual-outpu
test the validi
scheme. A ph
Fig. 6.  Two 
he poles of th
e is tied to th
ithm includin
omputation o

n of the modu
verter stage, a
implemented 

ents. The swi
s are provided
 without the n

e additional l
CPLD (CoolRu
ating pulses f
parameters us

equencies are 
ents waveform
lter inductor. 
f1 = f2 = 70 H
k amplitude is
q2 can be ach

y synchronize
ts are balance
witching freq
can be observ

ying that the v
e maximum 
phase-to-neutra
me phase. On
e which emph

ved. 

wing five-leg IMC

ut five-
ity and 
hoto of 

three-
e five-

he grid 
ng the 
of duty 
ulating 
and the 
on the 
itching 
d using 
need of 
logical 
unner-
for the 
sed for 

equal.  
ms and 

These 
Hz and 
s equal 
hieved 
ed i.e. 
ed and 
quency 
ved in 

voltage 
values 
al grid 

ne can 
hasizes 

C  

I
I
L
L
S
S
G
T
T
T

Fig.

Fig.
curre

func
carr
the 
the 
f2).
whe
the 
are 
resu
poin
mee
How
decr
wor
type

L

L

0

0

0

0

SYSTEM P

P
Input filter Induct
Input filter capaci
Load 1 
Load 2
Sampling frequen
Switching frequen
Grid frequency 
Target input displ
Turn-on delay tim
Turn-on delay tim

7. Load curren

8. (a)  grid cu
ent; obtained wi

In order to a
ction of the v
ried out using
obtained THD
voltage transf
The results o

en q1 and q2 ar
line currents 
equal to the

ults show that 
nts near the 
ets the interna
wever, this T
reases implyi
rsens when de
e of loads.  

Load2

Load1

grid voltage

TAB
PARAMETERS FO

Parameter 
tor  
itor 

ncy 
ncy 

lacement factor 
me (rectifier stage 
me (5-leg inverter 

ts obtained with

(

(

urrents (b) pha
ith q1=q2=0.86, f

assess the qua
voltage transfe
g the open-loo
Ds of the line
fer ratios (q1 =
of the last two
re different. It
is achieved w

eir maximum
the THD of th
nominal ratin
tional standar

THD increases
ing that the 
ecreasing the 

line

BLE I 
R THE EXPERIME

L =
C =
R1=
R2 =
9 k
9 k
f i =
cos

switches) 0.5
switches) 1 μ

h q1 = q2 = 0.86

(a) 

b) 

ase-to-neutral g
f1=f2=70 Hz, and

ality of the l
er ratio, an ex
op V/F control
e currents for 

= q2) and outpu
o lines in tab
t is clear that 
when the volta

m values. Inde
he line curren
ngs is smaller
ds such as  IE
s as the volt

quality of 
active power 

5

5

5ms/div

e current

NTAL TEST 

Assigned value
= 2 mH 
=12 μF
= 12.5Ω ; L1 = 9 m
= 25 Ω; L2 = 9 mH

kHz 
kHz 
= 60 Hz 
s(ϕi) = 1 
 μs 

μs 

6, f1 = f2 =70 Hz

rid voltage and
d   

line currents
xperimental te
l. Table II de
several value

ut frequencies 
ble II are obta
the best quali
age transfer r
eed, the obta

nt for the opera
r than 5% w

EEE Std 929-2
tage transfer 
the line curr
transferred to

5ms/div - 4A/d

ms/div - 3A/d

v - 5A/div-50V

mH 
H 

z, and 

 

d line 

as a 
est is 
epicts 
es of 
(f1 = 

ained 
ty of 

ratios 
ained 
ating 

which 
2000. 
ratio 
rents 

o this 

div

div

V/div



0278-0046 (c) 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.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TIE.2016.2594038, IEEE
Transactions on Industrial Electronics

IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS 

TABLE II 
THD OF THE LINE CURRENTS AS A FUNCTION OF VOLTAGE TRANSFER 

RATIOS (q1, q2) AND OUTPUT FREQUENCIES (f1,f2) 

f 1 =  f2 (Hz) q1 q2 THD (%) 
100 0.86 0.86 4.70
80 0.86 0.86 4.29 

70 0.86 0.86 3.92
60 0.76 0.76 4.15 
50 0.66 0.66 4.56 
40 0.56 0.56 5.21 
30 0.46 0.46 6.5 
25 0.41 0.41 7.65
20 0.36 0.36 9.26
15 0.31 0.31 10.55
10 0.26 0.26 12.2
30 0.76 0.56 5.01
30 0.66 0.46 5.87

Fig. 9 shows the RMS values of the common leg current 
 and the line current  as a function of the phase shift 

( ). Note that, the immediate consequence of common 
frequency mode of operation with non-synchronized load 
voltages ( 0) is the reduction of the maximum 
transfer ratio such that  must be inferior to √  as concluded in (18). These results are obtained 
with q1 = q2 = 0.43 and f1 = f2 = 50 Hz. For this test, the line-to-
line grid voltage peak amplitude is set to 145V.  It is clear that 
RMS current in the common leg greatly depends on (

). This results has already been deduced with conventional 
five-leg VSI fed by a dc voltage source; the maximum and 
minimum values of the RMS current are reached when the 
phase shit between the two load currents are equal to 0 and π 
respectively. The novelty in Fig. 9 concerns the RMS value of 
the line current which is almost insensitive to the phase shift 
( ). Therefore, it can be concluded that the maximum 
losses in the common leg occur when ( ) is equal to 0; 
however, this phase shift has no effect on the line losses.  

C. Differential frequency mode
For this operating mode, the frequencies of  the two output

voltages systems are different from each other. Therefore, 
 can never be superior to √ . To

check the correct operation of the proposed modulation 
scheme, an experimental test is carried out with q1 = 0.5, f1= 
70 Hz, q2 = 0.35 and f2 = 40 Hz. Figs.10a-b-c display the dc-
link voltage, output voltages UA1B1 , UA2B2 as well as the 
currents flowing through both loads. One can clearly observe 
that apart the high switching frequency harmonics; both load 
currents (load1 and load2) are sinusoidal and also balanced. 
The harmonic spectra of iA1 and iA2 illustrated by Fig. 11 show 
clearly that the frequencies of their fundamental components 
are equal to 70 Hz and 40 Hz as target. In particular, there is 
no ripple at 40 Hz in the frequency spectrum of load1 current 
and vice versa. One can also observe the existence of very 
small low-order harmonics. These may be due to the ripple of 
the dc-link voltage caused by the pwm operation of the 
rectifier stage, non-ideal waveform of grid voltages, and also 
the non-ideal structure of power semiconductors.   

Fig. 9. RMS values of common leg current and line current versus the 
phase shift   

(a) 

(b) 

(c) 

Fig.10. (a) dc-link voltage (b) output voltages UA1B1, UA2B2 (c) Load 
currents. (b) and (c) are obtained with q1 = 0.5, f1 = 70Hz, q2 = 0.35, and 
f2 = 40Hz 

On the other hand, Fig. 12a shows that the line currents are 
sinusoidal and balanced. However, one can observe more 
distortions as compared to the waveforms of Fig. 8a. This is 
due to the decrease of the fundamental component amplitude 
(active power) caused by the decrease of the voltage transfer 
ratio as already discussed in the previous section. Fig. 12b 
displays the phase-to-neutral grid voltage and the line current 
of the same phase. One can observe a little displacement angle 
between the line current and grid voltage for this operating 
point. This phenomenon is caused by the input filter that 
increases the input displacement angle when the active power 
transferred to the load is decreased. Note that the input filter 
elements are usually designed to achieve a near unity 
displacement factor at nominal power rating [23].   
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(a) 

(b) 
Fig. 11. Frequency spectra of loads phase a currents (a) iA1 - (b) iA2 

(a) 

(b) 
Fig. 12. (a) grid currents (b) phase-to-neutral grid voltage and line 
current; obtained with q1 = 0.5, f1 = 70Hz, q2  = 0.35, and f2  = 40Hz 

Fig. 13 displays the line and load currents waveforms 
obtained for abrupt changes of q1, f1, q2, and f2, all occurred at 
the same time. q1 decreases from 0.55 to 0.3 while f1 changes 
from 80 to 40 Hz. q2 increases from 0.3 to 0.55 while f2 
changes from 40 to 80 Hz. One can observe that the two load 
currents amplitudes and frequencies increase/decrease 
accordingly without fundamental component of the 
waveforms being deteriorated after the transient regime.  As 
for the line current it remains sinusoidal without any effect on 
the frequency of the fundamental component. One can observe 
only a decrease of the peak amplitude due to the variation of 
the active power transferred to the two loads. 

D. Input current harmonic content under output loads
unbalances

Numerical simulations were carried out with the loads and 
grid parameters shown in table III. The loads impedances of 
phases A1 and A2 are both decreased by 50 %. A first test is 
made with a common frequency mode of operation. 

(a)

(b) 

(c) 
Fig. 13. Transient response to q and f changes: (a) line current (b) 
load1 current, and (c) load2 current  

The voltage transfer ratios and output frequencies are set to 
q1 = q2 = 0.86, and f1 = f2 = 50 Hz. Fig. 14a displays the 
harmonic spectrum of the line currents. Since the waveforms 
of these currents are inherently periodical, therefore the 
fundamental and harmonic components of the space vector ̅ 	will appear in both, the positive and negative sides of the 
frequency axis. For display purpose, only the positive 
frequencies parts of the spectra are shown in the figures. As is 
possible to see in Fig. 14a, in addition to the fundamental 
spectral ray located at 60 Hz, there exist two dominant low-
order components located at 160 Hz and 40 Hz respectively. 
The first frequency is equal to 2 . The second one is 
the positive image of 2 .  

A second test is carried out with differential frequency 
mode of operation. The voltage transfer ratios and output 
frequencies are set to q1 = 0.43, q2 = 0.43, f1 = 40 Hz, and f2 = 
50 Hz. The corresponding frequency spectrum of Fig. 14b 
shows that in addition to the fundamental component, the 4 
dominant spectral rays are located at 20 Hz, 40 Hz, 140 Hz 
and 160 Hz. The first two frequencies (20 Hz and 40 Hz) are 
the positive images of 2  and 2 . The 
remaining two frequencies (140 Hz and 160 Hz) are equal to 2  and 2  respectively. These results emphasize 
the existence of low-order harmonic components caused by 
unbalanced loads in the input current harmonic spectrum. 
These results are also in perfect agreement with those 
expected by equation (32). Unfortunately, these harmonics 
cannot be mitigated by the input filter, because of their low-
order frequencies very close to the fundamental one, which 
results in additional losses and disturbances to the grid. 

TABLE III 
PARAMETERS USED FOR SIMULATIONS UNDER UNBALANCED LOADS

Parameter Assigned value
Load 1 R1= 12.5Ω ; L1= 9 mH 
Load 2 R2 = 15 Ω; L2 = 9 mH 
line-to-line grid voltage amplitude 120 V 
Grid frequency f i = 60 Hz 
Sampling/switching frequency 10 kHz 
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(a) 

(b) 
Fig. 14. Frequency spectra of load currents obtained with 50% 
decrease of phase A1 load 1 and phase A2 load 2 impedances. (a) 
common frequency mode of operation with q1 = q2 = 0.86 and f1 = f2 = 
50 Hz; (b) differential frequency mode of operation with q1 = 0.43, q2 = 
0.43, f1 = 50 Hz and f2 = 40 Hz. 

VI. CONCLUSION

In this paper the authors proposed a hybrid modulation 
scheme implemented on a five-leg indirect matrix converter. 
The SVPWM technique is applied to control the rectifier stage 
while a DSPWM scheme was designed for the 5-leg inverter 
stage. A modified expression of the output voltage references 
was also determined to enable the correct operation of the 
converter under unbalanced grid voltages. It was also shown 
that if both output voltage systems are synchronized, both 
voltage transfer ratios can reach the maximum value 0.866 
simultaneously.   

The following advantages of this algorithm are also 
recorded: 
- Only 5 modulation signals are needed to perform the novel
proposed control of the 5-leg inverter stage.
- The algorithm can easily be extended to control more than
two three-phase output loads without requiring any additional
mathematical development.
- The switching sequences can be distributed freely within a
sampling period, which makes this algorithm very suitable for
common mode voltage CMV reduction and for solving EMC
issues.

The paper investigated also some additional features of this 
dual-output topology. The following concluding remarks are 
recorded: 
- The output loads unbalances give rise to 4 low-order
harmonic components with frequencies equal to 2 ,2 , 2 , and  2 . These harmonics are
reduced to only two components in case of common frequency
mode.
- In common frequency mode of operation, the maximum
losses in the common leg occur when the phase shift (

) is equal to 0; however, this phase shift has no effect on the 
line losses.  
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