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A Three-Phase Modular Isolated Matrix Converter

Usman Nasir
Patrick Wheeler

Abstract—This paper discusses the analysis, design, and experi-
mental validation of a modular isolated matrix converter (MIMC),
including modulation, commutation, and control. The MIMC
topology is a single-stage high power density ac-ac converter,
which is attractive for traction applications and space-restricted
low voltage (LV) or medium voltage (MV) future distribution net-
works. The topology under study utilizes bidirectional switches
based dual-active-bridge cells as basic building blocks. A single
cell would have limited practical application as the output fre-
quency is locked to the input one. On the contrary, the repetition
of single cells proposed in the MIMC extending the matrix con-
verter concept, achieves variable frequency operation while also
providing a modular structure. However, the presence of medium
frequency transformers in each cell poses additional challenges for
modulation and safe commutation that are discussed and solved
in this paper. Experimental results from a proof-of-concept 6 kW
laboratory scale prototype validate the practical feasibility and the
operation of the MIMC.

Index Terms—Bidirectional switches, commutation, direct ac—
ac converters, isolated matrix converter, solid-state transformers,
venturini modulation.

I. INTRODUCTION

N 1988, Alesina and Venturini proposed the first direct ac—ac

power converter [1], known as matrix converter (MC). In a
traditional MC, the output is directly connected to the input side
via nine bidirectional switches, avoiding large dc link capacitors
and consequently providing a single stage solution with high
power density [2] and reliability [3]. The resulting topology is
particularly suitable for applications such as integrated motor
drives [4].

If the direct ac—ac conversion is intended for traction or in-
terconnection of low voltage (LV) or medium voltage (MV)
ac grids, an isolation stage must always be included to prevent
fault propagation [5]. Isolation could be provided by adding line

Manuscript received October 9, 2018; revised February 12, 2019; accepted
March 29, 2019. Date of publication April 8, 2019; date of current version
September 6, 2019. This work was supported by the Newton Picarte and Fonde-
cyt Project under Grant 1160690. Recommended for publication by Associate
Editor M. Saeeditfard. (Corresponding author: Usman Nasir.)

U. Nasir, A. Costabeber, and J. Clare are with the Department of
Electrical and Electronic Engineering, University of Nottingham, Notting-
ham NG7 2RD U.K. (e-mail: usman.nasir@nottingham.ac.uk; alessandro.
costabeber @nottingham.ac.uk; jon.clare @nottingham.ac.uk).

P. Wheeler is with the Faculty of Science and Engineering, Department of
Electrical and Electronic Engineering, University of Nottingham, Nottingham
NG7 2RD U.K. (e-mail: pat.wheeler @nottingham.ac.uk).

M. Rivera is with the Department of Electrical Engineering, Universidad de
Talca, Curicd, Chile.

Color versions of one or more of the figures in this paper are available online
at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TPEL.2019.2909681

, Student Member, IEEE, Alessandro Costabeber
, Senior Member, IEEE, Marco Rivera, Member, IEEE, and Jon Clare

, Member, IEEE,
, Senior Member, IEEE

frequency transformers to the traditional MC [6] at the cost of
increased volume and weight [7]. In city centres [8] or trans-
portation systems, e.g., locomotives [9], [10], space is restricted
and expensive and, therefore, more compact solutions based on
medium frequency (MF) transformers are desirable [11].

Despite a large variety of ratings, applications, and topolo-
gies, converters that embed an isolation stage to replace line
frequency transformers are usually referred to as solid state
transformers (SSTs) [12]. The concept was first introduced by
Mc Murray in 1968 [13], however it is only now that new SSTs
are being explored and employed in various applications. Re-
cently, significant work has been reported in literature, mainly
for grid inter-connection [7], [14]-[17] and traction applications
[7], [10], [18], [19]. MC-based singlestage ac—ac SSTs are the
focus of part of the latest research [20]—[24] due to their higher
reliability and power density.

However, SST technology is still a developing field, where
a broad agreement on the expected requirements and function-
alities has not been reached yet. In fact, their smaller footprint
compared to line frequency transformers is accompanied by
higher complexity and cost as well as lower efficiency and relia-
bility [15]. Therefore, SSTs can find their application in systems
where they are not expected to simply replace low-frequency
transformers but where their capabilities and advantages can
be better exploited, such as in future distribution networks [25]
and new transportation systems [10]. It must also be noted that
SSTs without energy storage, such as the MC based ones, suffer
from reduced controllability under unbalanced grid conditions,
due to the absence of decoupling elements. However, the advan-
tages in terms of power density are believed to counterbalance
these limitations in specific application scenarios. An example
of such an application is the 400 V LV mid-feeder compensator
in [26] where achieving an isolated-compact converter design
and voltage regulation are the key requirements while the lim-
ited ability to operate under heavy imbalance or faults is not a
critical requirement. In fact, the converter can provide regulation
services during normal grid operation but it will not be expected
to respond to abnormal conditions that will be managed by the
protection systems.

Out of the modern single-stage SSTs presented in [21], [23],
and [24], the topology in [23] has gained particular attention due
to its reduced switch count [17]. However, the single-stage SSTs
in [21], [23], and [24] lack modularity in their structure, making
scalability to higher power levels more challenging [20]. Re-
cently, a single-stage modular topology has also been presented
[27] whose main limitations are volume and weight since the
proposed isolation stage is at low frequency.

See http://www.ieee.org/publications_standards/publications/rights/index.html for more intormation.
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Fig. 1. Modular isolated ac—ac matrix converter-three-phase to three-phase.

Since isolation, modularity, and flexibility are the key re-
quirements of future electrical networks [5], a new single-stage
modular isolated matrix converter (MIMC) topology was pro-
posed in [28]. As shown in Fig. 1, the MIMC utilizes the repeti-
tion of cells made of two H-bridges with bidirectional switches
and a MF transformer to keep modularity intact. The individual
cells in the proposed topology correspond to the single-phase
to single-phase ac—ac topology discussed in [29]-[32]. The sin-
gle cell has restricted applications as the output frequency must
always match the input one [7]. To be able to achieve output
frequency adaptation, in the MIMC each output phase is made
by the combination of three independent single-phase to single-
phase ac—ac SSTs with a series connection at the secondary side,
as shown in Fig. 2.

In the converter arrangement, the output voltage waveform
demanded by each output phase can be generated by selecting
the most appropriate combination of the available input voltages.
As a result, the modulation techniques developed for MC are
also applicable to the MIMC. As a result, the behavior of the
MIMC at the input and output terminals is the same as the one
of an equivalent MC, i.e., it exhibits same characteristics and
performance as MC, with the advantage of providing embedded
and distributed MF isolation and modularity. Additionally, in
the MIMC the semiconductor stresses will be shared between
the increased number of devices.

As discussed above, the topology has already been proposed
in [28]. However, only the principle of operation and a pre-
liminary set of simulations were discussed. The aim of this
paper is to demonstrate the practical viability of the MIMC
topology, providing a detailed discussion about modulation and
commutation—the latter is particularly challenging because of
leakage inductances, as discussed later—and providing exper-
imental results from a laboratory-scale prototype. Consider-
ing that the three output phases are independent, the analysis

11761

Single Cell

T Side Brd - —
nput Side Bridge Output Side Bridge
) N
[ ]

SWAI ; YAi \ SWA() ; SYA() \
‘ +
VA()

H + +

; T4
MF/HF

Isolation | g

Voltage Source
e
k‘u
N

5 3

O - =i

. - :

w Vig %4 EIj

o} - Bo ai

2 1 - g

=B MF/HF E i

> Isolation 5
SZBn S XBo [
S N

YCo

WCur

+
re V.,
MF/HF -
Isolation S, e S vew \

Three-phase to single-phase section of the MIMC.

Voltage Source

Fig. 2.

and the experimental validation will refer to one of the three-
phase to single-phase sections of the MIMC shown in Fig. 2.
Note that the structure presented in Fig. 1 can be extended to
higher voltage and power. This extension can be done by de-
termining the number of cells N based on the required voltage
level and then a cascade connection of N cells can be inserted
into the structure of Fig. 1 to share in the input voltage Vi;.

The rest of the paper is organized as follows. The modulation
and commutation methods are presented in Sections II and
III, respectively. The simulation and experimental validation
of the proposed system are discussed in Sections IV and V,
respectively. Finally, the conclusions of study are presented in
Section VI.

II. MODULATION TECHNIQUE

In order to use MC modulation techniques, such as 50%
Venturini modulation, with the MIMC the first step is the identi-
fication of the modulation states (MS) available in the topology.
Considering the H-bridges in Fig. 2, with a voltage source at
the input, a current source at the output, and an ideal MF trans-
former, the generic MS matrices of the H-bridges can be defined
as (1), where “4” indicates the input side, “0” the output side
and “K” the three input phases K = A, B, C.

Subsequently, to respect the constraints that the input voltage
sources cannot be short circuited and that the output current
source cannot be open circuited during operation [33], the three
MS matrices available for modulation can be written as in (2).
MS; and MS, are the two active states whereas MSy, is a zero
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Fig. 3. Theoretical voltage waveforms in a single-cell as a result of 50%
Venturini modulation. (a) Input voltage V4 ;. (b) Transformer voltage V7 4.
(c) Output voltage V4, .

state matrix. Note that the zero state can be implemented with
two different MS matrices that however have the same effect on
the modulation waveforms

[ Swki Sy
MSj; =
" | SzKi SXKi]
[ Swko  Syko
MSg, = (D
* _SZKO SXKO
(1 0 0 1
MS, = COMS, =
0 1 1 0
[0 0 11
MS, = ) 1] or [0 0]. 2)

The basic operation of the MIMC is achieved first converting
the low-frequency input voltage waveform into a 50% duty
cycle MF voltage waveform as shown in Fig. 3(b), by simply
flipping the input voltages at the switching frequency f,. This
is equivalent to implementing the switching function (3) on
the three input side bridges. Where T is the switching period,
and the equation is written for brevity only for the first period
0 <t < Tg. The same compact notation will be adopted also
for in the other equations. From (3), it can be observed that
the state MS; will be applied for the first half of the switching
period, i.e., from O to 0.57s making Vyx = Vi ; whereas state
MS, for the other half of the switching period, i.e., from 0.57g
to Ty making Vrx = —Vk,; and, therefore, all the input side
bridges are generating a 50% duty cycle MF waveform at their
transformer terminals

Vrk | MSgk; Condition
Vi: | MS; | 0<t<0.5Tg . 3)
—Vii| MSe |0.5Ts <t <Tg

A 50% duty cycle waveform at the transformer has been se-
lected as it minimizes the transformer flux variation. It can be
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Fig. 4. Arrangement of the duty cycles in a three-phase to single-phase MC.

noted from (3) that all the three input bridges are commutated
synchronously. In general, this is not a strict requirement and dif-
ferent phases could be flipped in different time instants without
affecting the average components of the modulated waveforms.
On the other hand, the harmonic content of the waveforms would
be affected. These aspects are not further discussed in this paper
to keep the focus on the basic modulation strategy and to sim-
plify the graphical representation of the switching waveforms.

The 50% duty cycle modulation of the input side bridges
is only meant to provide a suitable voltage waveform to the
MF transformers, regardless the value of the modulation wave.
Instead, the output bridge voltages Vi, in Fig. 2 are defined by
the 50% Venturini modulation according to (4), where Dy is the
duty cycle of the input phase K in the generation of the output
voltage j. It can be observed from (4)—(6) that the equations
are the same as the ones used in standard MCs, where the time
during which each of the input phases contributes to the output
voltage is defined by the Venturini modulation

1 2 ViV,
Vi = Vin sin (wit + o) )
Vio = qVin sin (wot + ¢;) 6)

where Vi, K = A,B,C and Vj,, j = a,b,c are the three-
phase input and output voltages, respectively. For the simplified
three-phase to single-phase system under study, only j = a is
considered. The duty cycle arrangement in this simplified case
is illustrated in Fig. 4. The duty cycle arrangement of Fig. 4 can
be attained by implementing the switching functions (7)—(9) in
each of the output side bridges of the MIMC. The switching
function (7) will be applied to the output bridge of the top cell.
In (7), the duty cycle D 4, can be less than or equal to 0.5, i.e.,
Da,Ts < 0.5T or greater than 0.5, i.e., Da,Ts > 0.5T%. In
case the duty cycle D 4, is below or equal to 0.5, the condition
Dy,Ts <0.5Tg becomes valid and two intervals are possible
in (7) based on which the two steady states, i.e., MS; and MS,
will be applied. In short, if the condition Dy,Ts < 0.5T% is
satisfied, then the active state MS; will be applied for a duration
orinterval of 0 <t < Dy, Ts and state MS; will be applied for
the remaining interval D 4,Ts < t < Tg. Similarly, the switch-
ing function (8) will be applied to output bridge of middle
cell. For instance if the first condition, i.e., D 4,715 < 0.57Tg <
(Daa + Dpa)Ts is true in (8) then there are a total of four
intervals in which the state MS, will be applied for the interval
0<t<Dy,Ts, MS; for interval D4,Ts <t < 0.5Tg, MS,
for interval 0.5Ts < t < (Da, + Dpq)Ts and again MSy for
the remaining interval (D4, + Dp,)Ts <t < Tg. The other
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conditions and interval of all the switching functions in (7)—(9)
can be interpreted following the discussed approach.

It is important to note that (7)—(9) are written under the as-
sumption that all the input bridges are flipped synchronously,
and therefore the voltage applied to each of the MF transformer
primaries V7 and modulated by the output bridges equals the
corresponding phase voltage Vi ; for the first half of the switch-
ing period and Vi ; for the other half.

Fig. 3 shows the basic waveforms for the top cell in Fig. 2 as
a result of the switching functions given in (3) and (7)—(9). The
cell output voltages Vi, as a result of the switching functions
are presented in Fig. 5. It is important to note, from Fig. 5, that
the total output voltage V,, is the sum of the individual output
voltages of the cells. This is because of the series connection of
the output side bridges in the three-phase to single-phase system
of Fig. 2, the cell voltages Vi, (7)-(9) shown at the bottom of
this page, depicted in Fig. 5, are summed as shown in (10) to
generate the total output voltage V,,,,. The instantaneous output
voltage V,, can also be rewritten as (11), which means that the
input voltage V4; will appear at the output, i.e., V,, = Vy; for
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Fig. 5. Theoretical voltage waveforms in the three-phase to single-phase
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a duration of 0 <t < Dy,Ts V4, and so on thus follows the Voltage| Interval
arrangement of MCs shown in Fig. 4 Vi 0<t<Da,Ts
Vie="3_  Viko="Vao+Vio+Veo (10) e Voi | DaaTs <t < (Daw+ Dpa) Ts "
K=A4,B,C Vei (Do +Dpa)Ts <t <Tg
Vo I MS 4, Interval Condition
Vai | MSy 0<t< Dyp,Ts |Dus,Ts <0.5Ts
0 | MSy Dy, Ts <t <Tg )
Vi | MSy 0<t<0.5Tg Da,Ts > 0.5Tg
Vai| MSy |0.5Tg <t < Dy,Tg
0 | MSy | DaTs <t<Tg
VBo | MSp, Interval Condition
0 | MS, 0<t< Da,Ts
Vei| MS; Dy,Ts <t <0.5Tg Da,Ts <0.5Tg
Vei| MSy | 0.5Ts <t < (Day+ Dpy)Ts | < (Dag + Dpa)Ts
0 | MSy | (Daa+Dpa)Ts <t<Ts
0 | MSy 0<t< Dy,Ts 0.5Ts < Dy,Ts )
Vpi| MSy | DaoTs <t < (Daq + Dpa)Ts
0 | MSy | (Dag + Dpa)Ts <t <Ts
0 | MS, 0<t<Da,Ts (Daa + Dpa)Ts
Vpi| MS1 | DaoTs <t < (Daq + Dpa)Ts < 0.5Ts
0 | MSy (Dag + Dpa)Ts <t <Ts
Voo IMSe, Interval Condition
0 | MSy | 0<t<(Daa+Dpa)Ts |(Daa+ Dpa)Ts
Vei | MSy | (Daa + Dpa)Ts <t <0.5T < 0.5T% ©
Vei | MSs 0.5Ts <t <Tys
0 | MSy | 0<t<(Daa+Dpa)Ts |(Dag+ Dpa)Ts
Veoi | MSq (DAa + DBa)TS <t<Tyg > 0.5T
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For the practical implementation of (7)—(9), the required states
in each of the cells in Fig. 2 are MSx;MSg,= [MS;MS;,
MSyMS,, MS1MS, MSoMS ] and are illustrated in Fig. 6(a)—
(d), respectively. The output voltage waveforms—as well as
input and output currents—have harmonic content that can be
derived analytically by applying the approach proposed in [34].
Considering that the output voltage spectrum of the MIMC is the
same as the one of the standard MC, discussion about harmonics
in this paper is limited to the transformer voltages V7 x, whose
Fourier series, shown in (12), is essential for the MF transformer
design. Instead, the harmonic spectrum of the cell output volt-
ages Vi, given in (7)—(9), is only used for the validation of the
modulation method. By neglecting the switching harmonics, the
low-frequency components of the individual cell voltages Vi,
are given in (13). Due to the series connection at the output side,
these components reduce to the desired fundamental (14) as the
other terms in V,, cancel in the sum. Equation (14) confirms
that 50% Venturini modulation is applicable to the three-phase
to single-phase MIMC. Note that the theoretical derivation of
(12) and (13) is given in Appendix

2V
Vig(t) === > —(cos (nwst — wit — ¢x)
n=1,3,5,...
— cos (nwst + wit + ¢r ) (12)
V V
Vico(t) = % sin (w;t + ¢ ) + T in (2wit — wot — dr)
Vm . va .
_ q? sin (2w;t + w,t — ¢k ) + g sin (w,t)
(13)
Vo) = Y Vio(t) = qViu sin (wot) - (14)

K=AB,C

The voltage regulation ratio of the MIMC is dependant on the
turn ratio of the MF transformer but assuming turn ratio of the
transformer to be unity, a maximum-voltage regulation ratio of
0.86 can be achieved by modifying the duty cycle (4) to inject
third harmonic.

So far, the analysis of the modulation technique for the
MIMC has assumed ideal semiconductor devices, characterized
by instantaneous switching. In addition, the MF transformer
has been considered ideal, with zero leakage inductance. When
implementing the modulation in a practical converter, the two
assumptions lose validity and the modulation must be aug-
mented by a suitable strategy to guarantee safe commutation of
the bidirectional switches. Switching times can be easily taken
into account by implementing a modified version of the four-

(© (d)
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Fig. 7. Example of ideal transformer current in a single cell operated with
the states required by 50% Venturini modulation zero leakage transformer.
(a) Transformer voltage Vg . (b) Current I g . (c) Output voltage Vg, .

step commutation used in MC [2]. Instead, taking into account
a non-zero leakage inductance of the MF transformer is a more
challenging aspect, discussed in detail in the following section.

III. COMMUTATION METHOD

In MCs, the commutation method is designed to safely change
the state of the bidirectional switches without open circuiting
the output currents or short circuiting the input voltage sources.

In the MIMC, each bridge can achieve independent four-step
commutation method, as presented in [29], only if the impact of
the MF transformer leakage inductance is neglected. However,
with non-negligible leakage inductance, the standard four-step
commutation method can cause overvoltage across the semi-
conductor devices when a commutation of an output bridge in
one of the cells occurs. This because a commutation of the out-
put bridge requires a sudden reversal of the current through the
leakage inductance I i, which always flips between +1,,, (grid
current) and —I,, depending on the state of the output bridge.

To highlight this phenomenon, an example of the ideal com-
mutation waveforms in a single cell during a switching period
of T are shown in Fig. 7. It can be seen that the state transition
from MS;MS; to MSyMS5 is requiring the transformer current
I7 p toundergo sudden reversal from —1,, and +1,,, which will
generate a voltage spike in a practical transformer where leak-
age inductance is non-negligible. A detailed discussion about
the impact of the leakage inductance on the commutation pro-
cess can be found in [35]. The consequence is that the standard
four-step commutation can be applied to the MIMC only if
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all the bridges have dissipative clamps to protect them against
overvoltage. This causes additional loss as the clamp circuit will
be triggered every time the modulator requires a state change
that corresponds to a reversal of the leakage inductance cur-
rent. Reduction of leakage inductance [29] can mitigate but not
eliminate the problem. To achieve safe commutation, various
commutation methods have been reported in literature [36]-
[39], which suggest the use of additional capacitor either in
parallel [38] or in series [39] to transformer. However, these op-
tions come at the cost of reduced power density and increased
power losses.

A. Leakage-Tolerant Source-Based Commutation Method

A solution to the commutation problem has been recently
discussed in [35], where the analysis is focused on a single
cell of the MIMC converter in Fig. 2. The paper proposed the
exploitation of additional states available in the converter that
would not be necessary in ideal conditions but become essential
when dealing with the leakage inductance issue. Nasir et al. [35]
proposes the introduction of a current decoupling phase, where
the output bridge is temporarily put in an controlled short circuit
state during which the leakage inductance current is reversed,
driven by the input voltage. The converter states are selected so
that the temporary output short naturally terminates when the
leakage inductance current matches the value of the output cur-
rent. For this reason the short is controlled and does not require
any high bandwidth current measurement but only an appro-
priate fixed timing of the commutation sequence. The method
guarantees safe commutation without triggering the protection
clamps for most of the line period, except during the intervals
where the available input voltage is not enough to drive the
leakage inductance current, i.e., around the zero crossings of
the input voltage

CSpi = [ Sw ko, Swiy, Sy ko, Sy iy,
" | SzkySzr, Sx k. SxK,
[ Sw iy, Swk,, Sy, Syk
CS o — 0o lo 0o lo 15
87| Szk,, Sz, Sx ke, Sx KL, (1>
(11 007 10 00 01 00
A= B = C=
00 11 [00 10}’ [oo 01}’
(00 117 00 10 00 01
D = , E= , F= ,
11 00] 10 00 01 00
[11 17 (1 17 00 00
G = o R R I ,
01 11 01 10 01 10
I ] (01 107 1 11
g 00 00 K= 0 0 CL- 0 7
11 11] (10 01] 11 01
(01 017 (10 107 00 00
01 01 10 10 00 00
(00 007 10 11
= = . 1
=l o) B [11 10] (16)
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of the proposed MIMC.
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Fig. 9. Representation of an equivalent four-quadrant or bidirectional switch.

Based on the leakage-inductance-tolerant commutation scheme
discussed in [35], a finite state machine (FSM) has been imple-
mented as shown in Fig. 8 to move between the steady states
of Fig. 6. In the proposed FSM, the commutation paths are
represented by arrows, temporary commutation states by small
circles and steady states by large grey circles. In the same way
as MS matrices, input and output bridge commutation state (CS)
matrices of single cell can be represented by (15) where each
bidirectional switch is composed of two IGBTs. For instance,
Swk; contains Swko; and Swki; in the common-collector con-
figuration as shown in Fig. 9. The definition of the CS matrices
is reported in (16). The state change variable Sy stores the
information regarding the required next steady state. 7¢omm cOn-
trols the time delay between the commutation states and for
the sake of simplicity, the delay time Ti.,mm was fixed for all
the commutation steps. For instance, assume that the FSM is in
commutation state BB then a counter will be started and will
keep counting until it reaches the value equal that of T, and
once the counter has reached T.,mm, FSM will move to next
commutation state, i.e., H H, which resets the counter to zero.
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Fig. 10. Open-loop simulated waveforms at different points in the proposed

three-phase to three-phase MIMC with Venturini modulation and leakage-
tolerant commutation method. (a) and (b) three phase input voltages Vi ; and
output currents I, . (c)—(e) Waveforms in the second cell of Fig. 2. (f)-(h) Zoom
on the highlighted region in (c)—(e), showing non-ideal commutations. (i)—(1)
Cell output voltages Vi, and total output voltage V.
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TABLE I
SIMULATION PARAMETERS

Parameter H Symbol H Value

Input Frequency fi 50 Hz
Output Frequency fo 60 Hz

Input Voltage Amplitude Vi 200 V (PEAK)

Load Resistance R 109

Load Inductance L 10 mH

Switching Frequency fow 10 kHz
Voltage Regulation Ratio q 0.45

Leakage Inductance Licak 2.5 uH

For Vi ; and I, represent the input voltages and output current,
respectively. A detailed discussion on how the safe commutation
is performed has already been presented in [35] and will not be
discussed here. However, following the approach of [35], all the
paths of FSM have been derived to guarantee safe commutation
that can be verified from the results in the following sections.

IV. SIMULATION RESULTS

This section presents in Fig. 10, the results from a full
three-phase to three-phase open-loop PLECS simulation of the
MIMC. The simulation parameters are shown in Table 1. The
model includes the leakage-inductance-tolerant commutation
scheme, whose effects on the total harmonic distortion (THD) of
the output current in open loop has been evaluated as a function
of the selected switching frequency, in the simplified assumption
that the commutation time 7¢omm is kept constant.

The MIMC operates with a fundamental frequency of 50 Hz
at the input and 60 Hz at the output. This test case has been
selected to show the applicability of the proposed system in
applications requiring frequency decoupling, e.g., 50 and 60 Hz
grids or 50, 25, and 16.7 Hz traction systems [10].

Fig. 10(a) and (b) presents the three-phase input voltages
Vi and the output currents [}, recorded in the three-phase to
three-phase MIMC. By observing the period of the voltages Vi ;
and currents [}, in Fig. 10(a) and (b), three-phase operation of
MIMC while achieving frequency adaptation can be confirmed.
However, it must be noted from Fig. 10(b) that the output cur-
rents [, are experiencing distortion, which is associated with
the leakage-inductance-tolerant commutation scheme. To illus-
trate the impact of commutation scheme, switching voltages and
currents of a single cell are presented in Fig. 10(c)—(e). By com-
paring the output voltage of cell V,, given in Fig. 10(e), with
the ideal case, shown in Fig. 5(b), it can be noted that the red
circles of Fig. 10(e) highlight the distortion added due to non-
ideal commutation. To clearly illustrate the commutation-related
distortion, a zoomed view of the highlighted-yellow-region in
Fig. 10(c)—(e) is presented in Fig. 10(f)—(h), which shows two
non-ideal state transitions, from MS; MS; to MSsMS» and then
from MSsMS5 to MSoMS,.
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filter inductor L =10 mH in the open-loop MIMC.

Looking at the first commutation, i.e., from MS;MS; to
MS,MS, in Fig. 10(h), it can be observed that the output volt-
age Vp, has commutation-associated distortion, i.e., the pulse
Vo = —Vp;, which is highlighted in red region. By comparing
non-ideal waveforms of Fig. 10(f)—(h) with the ideal waveforms
given in Fig. 7(a)—(c), it can be confirmed that the distortion
is associated with the commutation. The said distortion, high-
lighted in Fig. 10(h), happens when the leakage inductance Lje,y
has been fully charged to +1,, and the converter is waiting for
the next commutation state because a fixed commutation step
Tomm 1s used. Thus, the duration of the distortion is dependent
on the leakage inductance charging time, which varies with the
operating point, i.e., depends on the magnitude of instantaneous
values of input voltage Vi; and output current I,,. During
the commutation process, the converter goes through various
commutation states. For instance, the commutation under dis-
cussion takes the commutation states CC, M K, FK, HK, FE
of the FSM given in Fig. 8.

It is important to mention that the output voltage distortion
includes a low-frequency component, a dominant component at
the output frequency and multiples. For the sake of understand-
ing the operation of the converter, only few 50 Hz cycles are
adequate, as shown in the simulated results of Fig. 10(a)—(e),
thus the period of I7 p is not fully visible in Fig. 10(d).

To highlight, how the switching output voltage V,, will look
with the commutation method, cell voltage Vi, waveforms are
presented in Fig. 10(i)—(1). The detailed discussion on which
commutation states are causing the distortion can be found in
[35] and will not be discussed here.

In order to quantify the distortion associated with the commu-
tation, the MIMC was operated with ideal as well as non-ideal
commutation scheme and the THD of the output current /,,, was
observed at various switching frequencies as shown in Fig. 11.
It can be observed from Fig. 11 that in ideal case, the THD
of the output current /,, always has an inverse relation with
the switching frequency fi, but this is not true for non-ideal
case. Up till a switching frequency fsy of 5 kHz, the THD of
both cases remain almost same as the fixed commutation time

operation for the MIMC is from 5 to 10 kHz. Within the opti-
mum range, a higher switching frequency f, will be preferred
as the size of the magnetic components, i.e., MF transformer
will reduce. Therefore, a switching frequency fs, of 10 kHz
was selected in simulation as well as in the experimental setup.

V. EXPERIMENTAL SETUP AND VALIDATION

To validate the operation of the proposed MIMC topology, a
6 kW proof-of-concept laboratory scale prototype of the three-
phase to single-phase MIMC was built. The block diagram of
experimental setup is shown in Fig. 12. A custom digital signal
processor (DSP)/field programmable gate array (FPGA) control
platform, using a TMS320C6713DSK DSP and a ProASIC3
FPGA, has been used. Since there are four modulation states of
each single cell, as shown in Fig. 6, the DSP is implementing
the switching functions of (7)—(9) by generating a total of 12
one-hot encoded modulation signals for three cells, i.e., four
modulation signals per single cell. The modulation signals are
fed to the FPGA where a VHDL-based-FSM generates 16 in-
dependent gate signals per cell, based on the direction of output
current [,,, sign and threshold of input voltages Vi, to per-
form the leakage-inductance-tolerant commutation. Vy; sign
and threshold detector block receives four electrical cables as
the input voltage Vi ; is a three-phase four-wire system. The
said block feeds six optical signals to the FPGA, out of which
three contain the information of sign and the remaining three
contains the information of the threshold. The threshold of the
input voltages is detected to avoid commutation when the in-
put voltage magnitude is below the set threshold. This can be
observed in the simulation result of Fig. 10(d) where current
Irp is zero, i.e., no commutation is performed at the instants
when magnitude of voltage Vrp is close to zero. The value of
threshold can be set by taking into account the peak value of
current /,,,,, leakage inductance Lje,x, commutation time 7¢omm,
and using simple formula Vg = % where Al,, = 21,,
as leakage current changes between OIT; and —1,,. A total of
48 independent gate signals for three cells, generated by the
FPGA, are then optically transmitted to the gate drivers of the
SEMIKRON SKM150GM12T4G IGBT modules in the cells.
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Fig. 13. Photo of the experimental prototype for three-phase to single-phase
MIMC topology based on Semikron SKM150GM12T4G modules.

TABLE II
TRANSFORMER PARAMETERS

Parameter ‘ ‘ Value
Core Material and shape 2xAMCCI125 C-cores
Amorphous alloy 2605SA1
Leakage Inductance 4 uH
Magnetizing Inductance 2.3 mH
Operating Frequency 10 kHz
Number of Turns 16
Turns Ratio 1:1
RMS current 20 A
RMS voltage 400 V
Power rating 8 kVA

Fig. 13 shows the proof-of-concept experimental rig in which
three single cells are stacked. Each cell is made of two bidi-
rectional bridges and a MF transformer. For the design of MF
isolation transformer, the minimum core area A, _,;, required,
to accommodate the flux produced by the 50 duty cycle trans-
former voltage V7 i of (12), can be calculated using (17) where
N represents the number of turns, By is the flux density of
the core material, V,,, is the peak of the transformer voltage, w;
represents switching frequency, and w; is the input frequency.
A MF transformer, with parameters reported in Table II, was
designed to meet A, > A. . However, the design has not
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TABLE III
EXPERIMENTAL TEST PARAMETERS

Parameter H Symbol H Value

Input Voltage Amplitude Vi 120 V (RMS)
Frequency at the input side fi 50 Hz
Frequency at the output side fo 60 Hz
Switching Frequency fsw 10 kHz
Load Resistance R 1.5Q
Load Inductance L 10 mH
Input Filter Capacitance Cr 30 uF

been optimized for the topology under study as the experi-
mental prototype is a flexible rig to test various topologies.
It is important to mention that filter capacitors Cp, listed in
III, are of polypropylene film type and are added to suppress
the voltage spikes generated due to the switching current [40]
through line inductance and to exhibit voltage source properties
at the input side

Ac,min = (17)

o0

4vmws Z
NByp T n2wg? + w2’
maxt o, —1,3,5,... 5" Fwi

To validate the concept of the proposed topology, the experi-
mental setup was first tested in the open-loop mode to modulate
a 60 Hz output from 50 Hz input. This test case has been consid-
ered to keep the results consistent with the ones in Section IV.

The setup was operated with the parameters reported in
Table III and the recorded experimental waveforms are pre-
sented in Fig. 14. From Fig. 14(a), it is important to note that
the fundamental component of all the three-phase input volt-
ages Vg is at 50 Hz whereas that of the filtered output current
I,, is at 60 Hz. Note that the current /,,, is the average of the
pulsewidth-modulated output voltage V,,. This confirms that
the MIMC is able to achieve frequency decoupling by follow-
ing (13) as the components except at w,t, i.e., w;t + ¢x and
2w;t + w,t — ¢ are cancelled due to the phase difference of
%”. Note that the experimental setup is only a three-phase to
single-phase MIMC and, hence, the input side currents I ; are
not sinusoidal, causing distortions in the input voltages Vi,
which will be mitigated in the full three-phase version.

Fig. 14(b) shows several cycles of the modulated output volt-
ages of the individual cells Vi, as well as the sum of these
voltages, which is the output voltage V,,. At any time “z” the
output voltage V,, is the sum of the cell voltages Vi, and fol-
lows (14) and this can be validated from Fig. 14(c), which is the
zoomed view of the highlighted region of Fig. 14(b). A single
switching period Ts has been shown in Fig. 14(c) to clearly
indicate that the duty cycles Dy, are arranged in the pattern
of Dao, Dp., Dc, and are in accordance with the arrangement
given in Fig. 4. Furthermore, note that the red regions in the
results of Fig. 14(b) highlight the distortion added in the out-
put voltages of cells V4,, Vp,, Voo, due to the commutation.
These commutation related distortions in the proposed topol-
ogy are analogous to the dead-time distortion in the standard
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Fig. 14.  Open-loop experimental waveforms in a three-phase to single-phase
MIMC. (a) Three-phase input voltages Vi; at 50 Hz and output current 7, at
60 Hz. (b) Individual cell voltages Vi, and total output voltage V. (¢c) Zoom
of region highlighted in (b), demonstrating that the output voltage V,, is the
sum of the individual cell voltages Vi .

two-level inverters, with the difference that the commutation in
the MIMC is also generating low-frequency components. The
zoomed view, presented in Fig. 14(c) confirms that the experi-
mental waveforms of V4,, Vg,, Voo and their sum V,, match
with the simulated waveforms presented in Fig. 10(f)—(i). Thus,
the results of Fig. 14 have experimentally validated the open-
loop operation of the proposed MIMC. However, to improve
the quality of the output current /,,, shown in Fig. 14(a), and to
enhance the degree of controllability, a current controller must
be added.
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A. Current Control Design

A proportional-resonant (PR) current controller was im-
plemented as it can offer sinusoidal current reference I, et
tracking. Moreover, thanks to the periodic-disturbance rejection
capability [41], the commutation-related disturbances can be
mitigated to enhance the quality of output current I,,. The
transfer function of the PR controller [41] is given in (18) and
the controller diagram is illustrated in Fig. 15 where V/, is the
required output voltage to track the reference current I, jef-
The required output voltage V,/, is fed to the MIMC’s duty
cycle (4). A Bode plot of the loop gain of the designed current
controller is shown in Fig. 16

2Lw.s* + (Lw.? + 2Rw.)s + Rw.>
Gpr(s) = 82 + w,? '

(18)

A discretized version of the designed controller was imple-
mented in the experimental rig and the recorded experimental
waveforms of the output voltage V,,, with and without controller
are presented in Fig. 17(a). Looking closely at the waveforms of
V.0, it can be observed that the distortion is reduced in output
voltage V,,, when control loop is active but the improvement is
not very clear because the output voltage V,, is a pulsewidth
modulated waveform. Therefore, for a clear comparison and to
demonstrate the effectiveness of PR controller for MIMC, the
output current in open loop I, open is compared with the one
in closed loop I, _closed in Fig. 17(b). As expected, Fig. 17(b)
indicates that there is an enhancement in the quality of the out-
put current I, c1osea With the PR controller. To quantify this
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Matching simulation results are presented in Fig. 19(a)—(c).
A zoomed view of highlighted region of Fig. 19(a) and (b),
presented in Fig. 19(c) and (d), shows the transient response of
controller in simulation and experiment. Fig. 19(d) has some
additional distortions near the zero crossing of the current, i.e,

to single-phase MIMC topology. (a) and (b) a step-change in output current ref-
erence I, , ot from 3 to 2 A. (c) and (d) zoom of region highlighted in (a) and
(b), showing the error Ey,, compensation during transient due to step-change
in Iy efpk- (@) Step change—simulation. (b) Step change—experiment.
(c) Transient—simulation. (d) Transient—experiment.
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att= —5 ms and r = 3 ms which is due to the sign of the current
1,,, being detected incorrectly when the magnitude is too small,
causing the selection of wrong commutation path in the FSM
of Fig. 8. This is due to the limitations of the sign detection
hardware (shown in Fig. 12). However, the controller is taking
necessary action to compensate these distortions. The reason
why the same distortions are not present in the simulation result
of Fig. 19(c) is that an ideal sign block is used in the simulation
model.

VI. CONCLUSION

This paper has presented a comprehensive study on modula-
tion, commutation, and control methods for a MIMC topology.
The experimental results have validated the conceptual MIMC
topology, demonstrating its practical feasibility. The design and
implementation of the modulation for the MIMC topology is
derived from a generalization of standard modulation methods
used in matrix converters. Instead, commutation between states
is particularly challenging because of the leakage inductance
of the MF transformer that provides isolation to the topology.
However, the paper demonstrated that the implementation of a
leakage-inductance-tolerant commutation enables a safe opera-
tion of the converter also in a practical scenario. The proposed
MIMC topology can find its ac—ac applications where weight
and volume are the main priority, i.e., in traction applications
and grid applications with space restrictions.

APPENDIX
DERIVATION OF TRANSFORMER VOLTAGE V7 AND CELL
VOLTAGE Vi,

The transformer voltage of the first cell, i.e., V4 (¢) is func-
tion of input voltage V; and 50% duty-cycle square wave s(t),
therefore, can be expressed as (21) which can be simplified to
(23). The generalized form of transformer voltage Vr, given
in (12), can be obtained by similar approach

Vi (£) = Vi sin (w;t) (19)
IS 1.

s(t) = ;n:l’zg;&m [n sin (nwst)} (20)

Vra (t) = Vai(t)s(t) (21)

W — [1. :
Vra (t) = Z {nsm(wit)sm(nwst)} (22)
n=1,3,5,...
2V = 1
a® ==8 > o
n=1,3.5,...

X [cos (nwst — w;t) — cos (nwst +w;t)] . (23)

The output voltage of the first celli.e., Vi, (¢) is function of duty
cycle D4, and input voltage Vy;, therefore, can be expressed
as (25). Substitution of (19) and (24) to (25), yields (26), which
is simplified to form (28) after trigonometric manipulation. Fol-
lowing the same approach, a generalized expression of (13)
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representing all cell output voltages Vi, is determined
1
Dy, (t) = 3 (1 4+ 2¢gsin (w;t) sin (w,t)) 24)
Vao (t) = Vai(t)Daq(t) (25)
‘/'VTL . . .
Vio (1) = 3 sin (wit) [1 + 2 gsin (w;t) sin (w,t)] (26)
VUL . V”l .
Vao (t) = 3 sin (wit) + qT sin (wot) [1 — cos (2w;t)]
27
Vin . mo.
Viao (t) = — sin (wit) + % sin (2w;t — w,t)
_ 4V sin (2w;t + wot) + q‘;” sin (wot). (28)
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