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Abstract— This paper discusses a stability analysis for a 

damping control to suppress the LC filter resonance in a multi-

modular matrix converter. The damping control is combined 

with the output current control of the system to reduce the 

current distortion which is caused by the LC resonance. The 

stability is analyzed by using the Bode-diagrams of an 

integrated block diagram of the multi-modular matrix 

converter. In the simulation, the damping control ensures the 

gain margin of 4.5 dB, and the system obtains stability. 

Moreover, from the experimental result, the stable operation of 

the multi-modular matrix converter is confirmed and the 

primary current THD of the transformer is 5.0 %. In addition, 

the transient response characteristics are evaluated, which is 

based on the overshoot value of the output current with respect 

to the gain margin in experiments. 

I. INTRODUCTION 

Medium voltage applications such as the wind turbines 
have received significant focus recently. In order to achieve 
high efficiency and light weight of the system, the multi-
modular matrix converter which is a matrix converter 
topology for medium voltage applications is investigated [1]-
[4]. The multi-modular matrix converter consists of a 
multiple winding transformer and several modules of a three-
phase to single-phase matrix converter with small filter 
capacitors. Therefore, the multi-modular matrix converter 
promises to achieve higher efficiency, smaller size and 
longer life-time compared to the multi-modular voltage 
source converter-inverter system. 

However, it has been found that the multi-modular matrix 
converter has a LC resonance problem which is caused by 
the leakage inductances of the transformer and the capacitors 
in the input filters of the modules. This filter resonance leads 
to deteriorate the input current quality, and cannot be 
suppressed by damping resistors practically. 

In order to overcome this resonance problem in the multi-
modular matrix converter, a damping control combined with 
the output current control, which the output current control (a 
part of a field oriented control) is required for an adjustable 

speed drive system of a motor, has been discussed and its 
validity has been confirmed [5]. The damping control 
combined with the output current control is more cost-
effective compared with the conventional damping controls 
which require voltage sensors at the input stage [6]-[8]. 

Previous studies regarding the conventional damping 
controls for general matrix converters describe the design 
equation for the control parameters [6]-[7]. However, the 
design equation cannot be expanded into the proposed 
damping control. In contrast, a damping control combined 
with the output current control for a general matrix converter 
topology has been discussed [9]. This control strategy 
achieves the resonance suppression and also is able to 
control the output current at the same time. However, in the 
multi-modular matrix converter, the stability and transient 
response of not only a module but the whole system is 
important and therefore this paper discusses the design 
method of the damping control parameters which is subject 
to the damping effect and the transient response of the output 
current. 

In this paper, a stability analysis method of the multi-
modular matrix converter including the damping control is 
described. The proposed analysis method uses Bode-diagram 
based on the integrated block diagram of the whole system 
which is composed of the circuit and the control block 
diagram. Thus, the damping control and the output current 
control can be designed easily since the effects of the 
resonant suppression and the output current response are 
yielded from the Bode-diagrams. Firstly, the system block 
diagram of the multi-modular matrix converter with the 
damping control and the output current control are described. 
Secondly, an integrated block model of the multi-modular 
matrix converter is derived based on the concept of duty-
cycle space vector [10]. Thirdly, the stability of the multi-
modular matrix converter is analyzed with the Bode-
diagrams. Finally, the validity of the proposed stability 
analysis is confirmed in simulation and experimental results. 



II. MULTI-MODULAR MATRIX CONVERTER EMPLOYING 

DAMPING CONTROL COMBINED WITH OUTPUT STAGE 

Fig. 1 shows the system diagram of a three modules 
multi-modular matrix converter This paper only considers a 
three-module model due to the simplicity, which in practical 
a nine modules multi-modular matrix converter is required 
for a medium voltage application [1]-[4]. For the same 
reason, a constant power load composed by an R-L load and 
an ACR (auto current regulator) for the output current is used, 
not a motor controlled by a field oriented control. A multiple 
winding transformer is located between the power source 
and matrix converter modules. The transformer cancels the 
low order harmonics in the primary current of the 
transformer and reduces the ripples in the output voltage due 
to phase shift of the secondary windings by 20 degrees. Each 
matrix converter module consists of a three-phase to single-
phase matrix converter which controls output phase voltage 
and secondary current of the transformer, and the small filter 
capacitors. 

As mentioned previously, the multi-modular matrix 
converter has the LC resonance problem due to leakage 
inductances of the transformer and the capacitors in the input 
filter of the modules. In order to suppress the distortion, a 
damping control combined with the output current control, 
which has a damping gain Kd and a damping HPF (high pass 
filter) with a time constant Thpf, has been proposed [5]. The 
damping control is applied to the feedback path of the ACR 
as illustrated in Fig. 1. 

The filter resonance is separated into the series resonance 
due to harmonics in the power source voltage and the parallel 
resonance triggered by a dynamic characteristic of the multi-
modular matrix converter. A solution for the series resonance 
is to redesign the filter parameters, which changes the 

resonant frequency to avoid the frequency of the voltage 
source harmonics. However, it is difficult to suppress the 
parallel resonance with the redesign only. The parallel 
resonance is excited by the output current control with high 
natural frequency [11]. Therefore, the parallel resonance can 
be referred as the destabilization of the output current control. 
In order to stabilize the multi-modular matrix converter, this 
paper reveals Bode-diagrams derived from an integrated 
block diagram which is composed of the circuit and the 
control diagram, and the damping control is designed based 
on the desired gain margin. However, as shown in Fig. 1, the 
damping control interferes with the response of the output 
current control. Thus, it is necessary to evaluate the transient 
response of the output current with respect to the designed 
stability. 

III. ANALYSIS MODEL 

A. Derivation of the Analysis Model 

In order to derive the analysis model of the multi-
modular matrix converter, the output voltage equation and 
the input current equation are required. The output voltage 
and the input current equations of a general three-phase to 
three-phase matrix converter based on the duty-cycle space 
vector have been presented [10]. However, these equations 
cannot be applied to the multi-modular matrix converter 
directly because the multi-modular matrix converter employs 
three-phase to single-phase matrix converter module. 
Therefore, an equivalent three-phase to three-phase matrix 
converter model which provides the same output voltage and 
the input current as the multi-modular matrix converter is 
considered. 

Fig. 2 shows the equivalent model based on a three-phase 
to three-phase matrix converter corresponding to the multi-
modular matrix converter. This equivalent model has a three-
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Figure 1. System diagram of a multi-modular matrix converter employing three modules with the damping control. Note that the configuration of U, 

V-phase modules is the same as W-phase. The output voltage control block includes the damping control and an ACR. 



phase LC filter, a three-phase transformer and a three-phase 
to three-phase matrix converter. The filter inductor Lfp 
corresponds to the leakage inductance of the multiple 
winding transformer in Fig. 1. In contrast, the filter capacitor 
is converted to the primary side of the three-phase 
transformer and the equivalent capacitance Cfp is presented 
by (1). 
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where, n is the number of the modules and V2/V1 is the 
voltage transformation ratio of the multiple winding 
transformer in Fig. 1. The three-phase transformer in Fig. 2 
is adopted to obtain the same output voltage as the multi-
modular matrix converter. Then, the output voltage 
amplitude of the multi-modular matrix converter Vout_mmmc is 
expressed by (2). 
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where, m is the modulation index and Vin is the amplitude of 
the source voltage. In contrast, the output voltage amplitude 
of the equivalent model Vout_emc is presented by (3). 
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where, a is a turn ratio of the three-phase transformer in Fig. 
2. In order that the equivalent model yields the same output 
voltage as the multi-modular matrix converter, a is defined 
as following. 
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Therefore, the analysis block model is obtained by using the 
equivalent model in Fig. 2 and the concept of the duty-cycle 
space vector. 

Fig. 3 shows the integrated block model of the equivalent 
matrix converter circuit and the control diagram. Variables in 
the bold font represent their space vectors. For example, the 
input voltage vector vin is defined as following. 
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where, vr is the input R-phase voltage, vs is the input S-phase 
voltage and vt is the input T-phase voltage. 

In order to connect the input and output circuits of the 
equivalent model, the duty-cycle space vector md and mi are 
introduced and the output voltage vector vout is yielded by (6). 
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where, vc2 is the filter capacitor voltage converted to the 
secondary side of the transformer. Note that a bar placed 
over a variable indicates complex conjugate. On the other 
hand, the input current of the equivalent matrix converter imc 
is expressed by (7). 
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where, iout is the output current vector. Hence, the input and 
output circuits of the equivalent model are connected by (6) 
and (7). In contrast, when the input power factor reference of 
the multi-modular matrix converter is unity and the filter 
inductor voltage in steady state is much smaller than the 
input voltage, md and mi are represented by follows. 
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Figure 2. Equivalent three-phase to three-phase matrix converter 

model corresponding to the multi-modular matrix converter in Fig. 1. 
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Figure 3. Integrated block model of the equivalent matrix converter 

which is composed of the circuit and the control diagram. This block 
diagram is based on the duty-cycle space vector. 
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where, vout
*
 is the output voltage reference. Therefore, the 

integrated block model is derived by using (6) to (9) because 
vout

*
 is also the output of the control block diagram. 

However, Fig. 3 has a problem, which the transient 
responses of vout and imc indicate non-linear characteristics 
because the time constants of fluctuation of vc2, md, mi and 
iout are close to each other. Therefore, a linear approximation 
method around the operating point at a steady state is applied 
to these non-linear parts. The output voltage vector vout is 
separated into the steady and differential components, where 
the differential component is expressed as (10). 

   c2dsc2sdc2isc2siout vmvmvmvmv 
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where, suffix “s” represents steady component based on its 

fundamental frequency whereas “ ” means differential 

component in a transient state. In a similar way, the 
differential component of imc is expressed as (11). 
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Fig. 4 shows the linearized block model of the equivalent 
matrix converter regarding the differential components. The 
products of space vectors which become non-linear 
equations as shown (6) and (7) are linearized by using sum 
of products of the steady vector and the differential vector. 
Thus, the stability and the transient characteristics of the 
multi-modular matrix converter are obtained by using Bode-
diagram derived from Fig. 4. Note that the analysis should be 
implemented with DC mode in which the input and output 
angles are fixed because the rotating frequency of the steady 
vector does not equal to the rotating frequency of the 
differential vector. 

B. Verification of the linearized model with simulation 

Table 1 and Table 2 present the simulation conditions of 
the circuit model as illustrated in Fig. 1 and the linearized 
model as shown in Fig. 4. This section shows the result 
without the ACR and the damping control in order to 
evaluate the verification of the linearized model. The results 
with the ACR and the damping control are described in next 
chapter. Note that the inductor and capacitor parameters are 
normalized based on 50 Hz. 

Fig. 5 shows the indicial response of the circuit model 
and the linearized model with an open-loop control in a 
simulation. It should be noticed that all waveforms are 
applied with a 1 kHz cut-off frequency LPF (low pass filter) 
in order to observe these average waveform without 
switching ripples. From Fig. 5, it is confirmed that the 
linearized model waveforms correspond to the circuit model 
result. Furthermore, the error between the circuit model and 
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Figure 4. Linearized block model of the equivalent matrix converter 

regarding the differential components. The stability of the multi-

modular matrix converter is obtained by analyzing this block model. 

TABLE I.  CIRCUIT PARAMETERS OF THE MULTI-MODULAR 

MATRIX CONVERTER. 

Input filter L (Lfp)

Rated power Carrier frequency

Input filter C (Cf)

Load resistance (Ro)

Input line voltage

Load inductance (Lo)

200 Vrms

3 kW

6.65 mH

(15.7%)

6.7 mF

(8.42%)

100 kHz

25.2 W

(84.0%)

Rated output voltage 300 Vrms

5.5 mH

(5.76%)

Input voltage angle 105 deg. Output voltage angle 5 deg.
 

TABLE II.  CONTROL PARAMETERS FOR OPEN-LOOP CONTROL.  

d-axis voltage command (steady state) 0.5 p.u.

Open-loop

control
d-axis voltage command (step input) 0.01 p.u.

q-axis voltage command 0 p.u.
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Red: Linearized model (Fig. 4)
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Figure 5. Indicial response of the circuit model and the linearized model 

with an open-loop control in a simulation. It is confirmed that the 

linearized model result corresponds to the circuit model result. 



the linearized model waveforms is lesser than 1% in steady 
state. The input S-phase and T-phase waveforms, and the 
output V-phase and W-phase waveforms are in the same 
manner. Thus, the linearized model is valid for modeling of 
the multi-modular matrix converter. 

IV. STABILITY ANALYSIS USING SIMULATION 

A. Mechanism of Destabilization 

Table 3 shows the parameters of the output current 
control of the linearized model. This section explains the 
mechanism of the destabilization due to the output current 
control and the LC filter. Thus, the damping control is not 
applied to the linearized model. In addition, the output 
current control is designed to yield the natural frequency of 
650 Hz without taking the LC filter into account. 

Fig. 6 shows the indicial responses of the linearized 
model with the designed output current control in a 
simulation. This simulation adds a small step of 0.01 p.u. to 
the output current reference at 2 ms. Fig. 6 verifies that the 
filter resonance is excited immediately after the step input of 
the output current reference, and the filter inductor current 
and the filter capacitor voltage contain the resonant 
oscillation. Moreover, the output current diverges from its 
command due to the resonance. Then, the oscillation 
frequency of the output current is 352 Hz. Therefore, in order 
to evince the mechanism of this destabilization, the analysis 
of the open-loop transfer function of the output current 
control is needed. 

Fig. 7 shows a Bode-diagram of the open-loop transfer 
function of the output current control in the linearized block 
model without the damping control. Fig. 7 indicates the 
instability due to the LC filter. Fig. 7(a) shows the gain 
characteristics and (b) shows the phase characteristics. From 
Fig. 7, the gain curve without the LC filter decreases 
uniformly, which the ratio is -20 dB/dec. In addition, the 
phase curve is constant at -90 deg.. However, the gain curve 
taking the LC filter into account has a resonance point at 535 
Hz. Then, the designed gain-crossover frequency is shifted 
from 650 Hz to 874 Hz and the phase is lagged drastically by 
the LC filter characteristic. As a result, the phase margin and 
the gain margin of the linearized model are obtained by -234 
deg. and -4.56 dB, respectively. In this way, the multi-
modular matrix converter can be unstable due to the LC 
resonance. 

B. Parameter Design of Damping Control 

Table 4 shows the damping control parameters. This 
section mentions the design method of the damping control. 

Fig. 8 shows a Bode-diagram of the open-loop transfer 
function of the output current control in the linearized model 
as shown in Fig. 4. The transfer function of the damping 
control Hdamp(s) is presented as following. 
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TABLE III.         PARAMETERS FOR OUTPUT CURRENT CONTROL. 

0.75 p.u.

d-axis current command (step input) 0.01 p.u.

q-axis current command 0 p.u.

Output

current

control

(ACR)
ACR natural frequency 650 Hz

d-axis current command (steady state)
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Figure 6. Indicial response of the linearized model with the output 

current control only in a simulation. This result shows that the filter 
resonance is excited and the system becomes unstable. 
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Figure 7. Bode-diagram of the open-loop transfer function of the output 

current control in the linearized block model without the damping 
control. The LC filter resonance makes the system unstable. 



From (12), the damping control is equivalent to a phase lag 
compensator because T2 is smaller than T1. Hence, in order to 
ensure the desired gain margin gm, the gain at the phase-
crossover frequency should be decreased by the designed 
damping control. Note that the damping control parameters 
are designed based on a gain margin not a phase margin 
because the design based on a phase margin cannot stabilize 
the system for some conditions. First, the phase-crossover 
frequency fcp is obtained from the phase curve without the 
damping control. Next, the gain ga at fcp is measured from the 
gain curve without the damping control and the damping 
gain Kd is calculated by the following equation. 

     01log20 10  dma Kgg   

where, 0 < Kd < 1, ga > 0, gm > 0. In contrast, in order to 
ensure gm, a phase lag at fcp should be zero even if the 
damping control is applied. Thus, a time constant of the HPF 
of the damping control Thpf is designed by using (14), which 
is based on a break point approximation of a Bode-diagram. 
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The gain and the phase curves with the damping control in 
Fig. 8 are the result when the damping control is designed in 
order to obtain the gain margin of 5 dB. Note that the 
designed Kd and Thpf are shown in Table 4. From Fig. 8, the 
designed damping control decreases the gain at fcp and yields 
the actual gain margin of 4.5 dB. As a result, the system 
achieves a stable operation. The error between the desired 
and the actual gain margins is caused by the break point 
approximation of a Bode-diagram of (14). 

Fig. 9 shows the indicial response of the linearized model 
with the output current control and the designed damping 
control in a simulation. The resonant oscillation in the output 
current is suppressed by the damping control. As a result, all 
waveforms converge toward their steady points. Therefore, 
the proposed damping control achieves the resonant 
suppression and the output current control at the same time. 
However, the overshoot of the output current response is 
obtained by 261% and the cause of this overshoot is the 
damping control. 

C. Transient Response of Output Current Control 

Fig. 10 shows a Bode-diagram of the closed-loop transfer 
function of the output current control in the linearized block 
model in order to evaluate the overshoot of the output current 
in a transient response. When the damping control is not 
introduced, the gain curve is less than 3 dB under 250 Hz 
and has a resonance point at 352 Hz. On the other hand, the 
damping control increases the gain curve in the lower 
frequency bandwidth and generates larger overshoot of the 
output current than the designed value. In addition, the gain 
in the lower frequency bandwidth increases with respect to 
the designed gain margin. Thus, a tradeoff relationship 

TABLE IV.  PARAMETERS FOR DAMPING CONTROL. 

Damping HPF time constant (Thpf)

Damping gain (Kd) 0.67 p.u.

7.0 ms
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Figure 8. Bode-diagram of the open-loop transfer function of the output 
current control in the linearized block model in Fig. 4. fcp is the phase-

crossover frequency, and gm is the desired gain margin. The damping 

control makes the system stable with the gain margin of 4.5 dB. 
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Figure 9. Indicial response of the linearized model with the output 
current control and the damping control in a simulation. This result 

shows that the damping control stabilize the system. However, the 

damping control generates the overshoot of the d-axis current of 261%. 



between the stability and the transient response is 
demonstrated. 

V. EXPERIMENTAL RESULTS 

This chapter evaluates the damping effect and the 
transient response of the multi-modular matrix converter 
prototype with the designed damping control as shown in 
Fig.1. The prototype parameters are almost consistent with 
the parameters shown from Table 1 to Table 4. However, the 
input voltage is 50 Hz while the output voltage is 30 Hz. In 
addition, the output d-axis current reference is separated into 
the steady component of 0.75 p.u. and the step component of 
0.05 p.u.. Furthermore, the carrier frequency is set to 10 kHz. 
The modulation of the matrix converter module employs the 
method as introduced in [12]. 

Fig. 11 shows the input and output waveforms of the 
multi-modular matrix converter obtained by the experiments. 
Fig. 11 (a) shows the result without damping controls and (b) 
shows the result with the damping control which is designed 
from the gain margin of 5 dB. In (a), the filter resonance is 
excited, and the primary current of the transformer and the 
output current have resonant distortions. It is noted that the 
experimental result in (a) shows the stability limit although 
the simulation result in Fig. 6 becomes unstable. This is 
because the loss of the multiple winding transformer and the 
multi-modular matrix converter behaves as a damping 

resistor. The primary current THD (total harmonic distortion) 
of the transformer is 47.4% and the output current THD is 
14.4% from Fig. 11 (a). In contrast, the filter resonance is 
suppressed and the system is stabilized by the damping 
control in Fig. 11 (b). As a result, the primary current THD 
of the transformer is 5.0% and the output current THD is 
2.7%. Thus, the damping control mitigates the resonance 
distortions in the primary current by 89%. Furthermore, the 
output line voltage shows a 5-level waveform without the 
voltage fluctuation due to the filter resonance. 

Fig. 12 shows the dq-axis output current in a transient 
response with the damping control which is designed from 
the gain margin of 5 dB. Note that this experiment fixes the 
output phase to 5 deg. in common with the simulation. The 
output current converges toward the reference because the 
damping control stabilizes the system. However, the d-axis 
current has an overshoot of 256% due to the damping control. 

Fig. 13 shows the output current overshoot characteristics 
with respect to the designed gain margin. The experimental 
and simulation results of the output d-axis current overshoot 
increase together with the designed gain margin. This is 
because the damping control increases the gain in the lower 
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Figure 10. Bode-diagram of the closed-loop transfer function of the 
output current control in the linearized block model as drawn in Fig. 4. 

gm is the desired gain margin. The damping control increases the gain in 

the lower frequency bandwidth and generates larger overshoot of the 
output current than the designed value. 
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(a) Without damping controls which results in the primary current THD 
of 47.4% and the output current THD of 14.4%. 
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(b) With the proposed damping control which results in the primary 

current THD of 5.0% and the output current THD of 2.7%. 

Figure 11. Input and output waveforms of the multi-modular matrix 
converter as illustrated in Fig. 1 in experiments. 



bandwidth as shown in Fig. 10 though the gain amplitude of 
the unit step is inversely proportional to the frequency. 
Therefore, the trade-off relationship between the stability and 
the transient response regarding the damping control is 
confirmed. The maximum error between the experimental 
and the simulation results is 11.2% and this error is due to 
the control and detection delays. In the future, the full 
consideration about this error will be reported. 

VI. CONCLUSION 

This paper discusses the stability analysis for a damping 
control combined with the output current control to suppress 
a LC filter resonance in a multi-modular matrix converter. 
Past works related to the design method of the conventional 
damping control applied to the input current control cannot 
be expanded into the proposed damping control. The analysis 
method uses Bode-diagrams based on the integrated block 
diagram of the whole system which is composed of the 
circuit and the control block diagram. Thus, the damping 
control can be designed easily since the effects of the 
resonant suppression and the output current response are 
yielded from the Bode-diagrams. From the simulation 
analyses, the designed damping control ensures the gain 
margin of 4.5 dB against a requirement specification of 5 dB, 
and a stable operation is achieved. From the experimental 
result, the multi-modular matrix converter with the designed 
damping parameters operates in stable condition, and the 
primary current of the transformer THD is suppressed by 
89%. Therefore, the validity of the proposed stability 
analysis method is confirmed. In addition, the transient 
response characteristics of the output current control which is 
affected by the damping control are evaluated. As a result, 
the tradeoff relationship between the stability and the 
transient performance is illustrated clearly. In the future, the 
optimal design of the damping control will be considered. 
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Figure 12. Output dq-axis current response with the damping control 
designed to obtain the gain margin of 5 dB. The output current 

converges toward the reference. However, the d-axis current overshoot 

of 256% is generated by the damping control. 
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Figure 13. Output current overshoot characteristic with respect to the 

designed gain margin. This result shows the trade-off relation between 

the stability and the transient response regarding the damping control. 


