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10 Abstract: Based on Venturini method, it is in favor of the modulation technique for controlling the
11 matrix converter due to only use of the comparison between the duty cycles in time domain and the
12 triangular carrier wave for generating the gating signals and the achievable voltage ratio between
13 fundamental output magnitude and fundamental input magnitude to 0.866. However, even with
14 simple modulation method and achieving maximum fundamental output magnitude, the possible
15 input voltage unbalance conditions accordingly influence on the output performances (more
16 reduction and distortion). Thus, a modified Venturini modulation method is presented in this
17 paper, in order to solve the problems of unbalanced input voltage conditions on the matrix
18 converter performances. The proposed strategy is to satisfy the desirable feature of the duty cycle
19 modulating waves, as generated in the event of normal situation. Up to this approach, it can
20 support either single-phase condition or two-phase condition. Performance of the proposed control
21 strategy was verified by the simulated implementation in the MATLAB/Simulink software with
22 showing good steady-state and dynamic operations.
23 Keywords: Venturini method; matrix converter; unbalanced voltage conditions; carrier-based
24 pulse width modulation (PWM).
25

26 1. Introduction

27 Direct ac-ac matrix converters were developed by Venturini and Alesina [1, 2], in 1980.
28  According to its unique matrix structure consisted of nine bi-directional switches, as drawn in
29 Figure 1, the attractive expediencies, compared with the indirect matrix converter, are the lack of a
30 large dc-link energy storage element, which therefore leads to compact and lightweight size of
31  package, bidirectional energy-flow ability, a reduction in the voltage stress on individual switches,
32 and also extend lifespan. By reason of its included capabilities of adjustable output magnitude and
33  fundamental frequency, it has been used obviously in alternative and continuous development, in
34 various ac electrical utility applications for any industry, including adjustable speed drives for an ac
35  induction motor [3-5], uninterruptible power supplies along with improved control strategies for
36  enhancing the power quality [6, 7] and grid interfacing converters in the renewable energy
37 conversion system [8, 9].

38 Regarding the modulation methods of the matrix converter, it is well known that a greatly
39  relevant and powerful method is the Venturini modulation proposed in [1] and that has been
40  frequently employed up to now [10-15]. With this method, which is used as a direct transfer
41  function, it can be flexibly used to provide the variable-frequency and -amplitude fundamental
42 output voltages from fixed-frequency and -amplitude sinusoidal input voltages. This can be
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44 Figure 1.Structure of matrix converter using the proposed modified Venturini modulation method.

45  achieved a high voltage gain, in terms of output voltage magnitude versus input voltage magnitude,
46  reaching 0.866, which is the maximum gain at this time. In addition, as reported in [16], a
47  low-complexity and good dynamic performances of the Venturini modulation lead to a very
48  convenient modulation method for the matrix converter with the research scope of fixed-frequency
49  output voltage contribution.

50 One major issue of the matrix converter system is the unbalance of the three-phase input
91  voltage condition, which is a cause of the reduction and/or distortion in the output voltages (and
52 hereby currents). To figure out such a problem, the modified input current modulation strategies,
53  based on the space vector modulation (SVM) algorithm, were proposed in [17-19] to improve the
94 quality of the input currents under unbalanced voltage conditions. However, these strategies are
95  needed the complicated real-timing vector calculations that also depend on all switching operations
56  of the matrix converter. Meanwhile, the feedback compensation strategies via close-loop control,
57  based on the Venturini modulation method were presented in [20, 21]. However, it is difficult to
58  design a feedback system along with elaborate mathematical transfer functions due to the existence
59  of unavoidable non-linear parameters, and also produce the time delay. Another set of the solution
60 s the additional element of the clamp circuit between the input and output sides of the matrix
61 converter, as introduced in [22, 23]. This leads to cumulative hardware component and much more
62  complexity of the control method based on the relevant parasitic component design.

63 This paper presents a modified Venturini modulation method for the matrix converter under
64  unbalanced input voltage conditions, which is drawn in Figure 1. The salient features of the
65  proposed control strategy are concisely clarified as follows:

66 e It modifies the modulation strategy based on the Venturini method to regulate constant duty

67 cycle modulating waves despite of having unbalanced input voltage conditions.

68 e It simplifies the complexity of the analytical mathematic model. That means it does not rely on
69 the implementations of the SVM algorithm and the feedback closed-loop control.

70 e  Any additional hardware element is unnecessary to be installed for solving the effects of the
71 unbalanced input voltages, leading to a low cost solution.

72 The composition of this paper to support the proposed control strategy is organized as follows.

73 Section 2 briefly discusses the basics of the Venturini modulation method along with its effects
74  under the unbalanced input voltages. The theory of the proposed control strategy to solve the
75  problem is subsequently described in Section 3. Simulation results testifying the proposed control
76  strategy performance are demonstrated in Section 4. Finally, this paper is concluded in Section 5.


http://dx.doi.org/10.20944/preprints201805.0283.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 22 May 2018 d0i:10.20944/preprints201805.0283.v1

3 of 14
77 2.Overview of Venturini Method
78  2.1. Structure and Switching Operation of the Matrix Converter
79 As shown in Figure 1, the structure of the matrix converter consists of eighteen IGBTs in total,
80  where the switching states of each leg are operated within two basic rules [1, 2] as summarized
81  below:
82 e No two bidirectional switches are turned on in the same horizontal leg. This leads to a short
83 through in a converter leg.
84 e  All the switches cannot be turned off in the same horizontal leg. This might destroy the switches
85 in a converter leg due to the overvoltage.
86 On account of these two basic rules, there are 3 switching states that allow to operate in one leg

87  of this converter, as listed in Table 1. With these switching states, the switching states of leg b and leg
88  care also similar to leg a, but they are shifted by 27/3 rad and 47/3 rad, respectively. Hence, the

89  switching modes of the matrix converter in three phases are totaling 27 modes, as clearly shown in

90  Figure 2.
91 Table 1. Switching States per Leg (Leg a) of the Matrix Converter.
Switching for L
Switching states wWicHg or eg 2 Phase output voltage v,
SAa SBa SCa

A On Off Off A

B Off On Off Vg

C Off Off On Ve
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92 eSwitch turns on ,oSwitch turns off
93 Figure 2. Combination of 27 switching modes of the matrix converter.
94 From which, the relationship between input voltage (v,(t)) and output voltage ( Vv, (t)) can be

95  expressed in the switching function point of view as follow:

SAa SBa SCa
Vi) = Swy Sgy Sep |Vo(l). 1)
SAc SBc SCc
96 Based on (1), it is a further algorithm, which is initially used to find the modulating function in

97  the Venturini modulation method for controlling the matrix converter, as discussed in the next
98  subsection.

99 2.2 Principle of the Venturini Modulation

100 Based on the Venturini modulation method, the attainable gating pulse generation for each of
101  the nine bidirectional switches is initially synthesized from the instantaneous three-phase input
102  voltages (v,(t)), as derived by:
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v, V; sin(at)
Vi(t)=| Vg |=|V;sin(wt-27/3) |, ()
Ve | |Vsin(ot+27/3)

103  where V, denotes the amplitude of the input voltages, @ =27f, denotes the fundamental angular

104  frequency of the input voltages. Following (2), it is diagnosed by assuming the condition of the
105  balanced three-phase input voltages.
106 Taking into consideration this strategy, the output voltages (v,(t)) related to the input

107  voltages with the direct transfer function can be given as:
Vo (O)=M(t)v; (1), (©)

108  where M(t) is the transfer matrix of the matrix converter, and also can be defined as:

mAa mBa mCa
M(t)=| my, Mg M, |- 4)
mAc ch ch
109 Using (4), the transfer matrix consists of the duty cycles for generating the gating pulses of nine

110  bi-directional switches. The comprehensive formula form for all the duty cycles can be accordinglu
111  expressed as:

1
my, :5(1+ 20,

VvV, 2q . .
\,/-Zk +%sm(a)jt+9j)sm(3a)jt)], (5)

I m

112 where j=AB,C and k=ab,c. v, denotes the phase-to-neutral input voltage. v, denotes the

113 phase-to-neutral output voltage. g denotes the gain of 0.5. ¢, denotes the gain of /3/2~0.866 .
114 g, denotes the modulation voltage ratio, which is in the linear modulation range of 0<q, <1.
115 Analyzing (3) to (5), for a given ¢, =1, the maximum magnitude of the fundamental output

116  voltage can be achieved by 0.866 of the input voltage. For extending the technical clarification of the
117  Venturini modulation method, much more detail can be found in [1, 2].

118  2.3. Statement of Drawbacks

119 The example under both balanced and unbalanced input voltage conditions with the Venturini
120  modulation method at the modulation voltage ratio ¢, of 1 is demonstrated in Figure 3(a), where

121  the specific parameters listed in Table 2 are used. Before 0.2 s, the balanced input voltage condition
122 affects the symmetrical waveforms of pole voltages V,,, V,,, and V, along with the line-to-line
123 output voltage Vv, and currents i,, i,, and i . Hence, as shown in Figure 4(a) and Figure 5(a), the
124  fundamental output voltage magnitudes approach around 0.866 of input voltages. In the contrary, it
125  can again be observed from Figure 3(a) that when the unbalanced input voltage condition (on phase
126 A) occurred after 0.2 s, the duty cycles in the only first column of (4), i.e, M,, in this figure, are
127  reduced. This is why the output voltages result in asymmetrical waveforms, as it is evident with the
128  purple dashed-line borders. This consequently leads to further reduction and distortion in the output
129  currents and voltages, as investigated in Figures 4(b) and 5(b), respectively. However, when the
130  proposed control strategy is applied, as shown in Figure 3(b) at 0.2 s, the duty cycle M,, has
131  obviously increased and is equal to that of the period of the balanced input voltage condition. This
132 leads to the reduction of the problems caused by the unbalanced input voltage condition, as can be
133 seen from the incremental fundamental magnitudes of the output currents and voltages along with the
134 reduced magnitudes of their harmonics in Figures 4(c) and 5(c), respectively.


http://dx.doi.org/10.20944/preprints201805.0283.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 22 May 2018 d0i:10.20944/preprints201805.0283.v1

5 of 14

Balanced input voltage condition Unbalanced input voltage condition
< i€ '

0

o (g T LN L LN

STV PN NN
=l LG PGP TP

X e e e e

Time (s) Time (s)
(a) (b)
135 Figure 3. A transition from (a) balanced input voltage condition to unbalanced input voltage
136 condition with the Venturini method and (b) unbalanced input voltage condition with the Venturini
137 method to unbalanced input voltage condition with the proposed control strategy. (Top to bottom)
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140 Figure 4. Harmonic spectrum of output currents for the period of (a) balanced input voltage
141 condition, (b) unbalanced input voltage condition with the Venturini method, and (c) unbalanced

142 input voltage condition with the proposed control strategy.
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143 Figure 5. Harmonic spectrum of line-to-line output voltage for the period of (a) balanced input
144 voltage condition, (b) unbalanced input voltage condition with the Venturini method, and (c)
145 unbalanced input voltage condition with the proposed control strategy.
146 3. Proposed Control Strategy for Matrix Converter
147 Solving the unbalanced input voltage influences, the use of the proposed control strategy by

148  modifying the modulation of Venturini method in order to regulate the desirable modulation
149  voltage ratio g, resulting in keeping the desirable duty cycles to be constant. Based on the duty

150  cycle calculation in (5), to make an analysis with regard to balanced and unbalanced input voltage
151  conditions, the desired reference voltages of the three-phase input voltages are initially given as:

Vi =V sin(ot+6,), (6)

-
j.ref

152 where V|, denotes the desired reference voltages of the three-phase input voltages in the normal

153  situation. Subsequent to the check of balanced and unbalanced input voltages, the mean function

154 (v, ) of the three-phase input voltages can be determined as:
Viean = (Va +Vg +Vc )/3. 7)
155 Considering (7), if the three-phase input voltages are balanced, the mean function Vv,,

156  becomes 0. Otherwise, it will lead to a tangible appearance. Accordingly, the error (e;) between the

157  desired input voltage reference and the mean of the three-phase input voltages can be calculated by

erj = V;,ref ~ Vinean (8)
158 Using (6) to (8), the proposed modified duty cycle calculation based on the Venturini method
159  can be formulated as
1 (Vmean + ej )Vk 2q . .
Mjk :5 1+ 2qcT-I-asm(a)jt-i-ﬁj)sm@wjt) . (9)
160 According to (9), the proposed control strategy based on the Venturini method modifies the

161  duty cycle calculation in the terms of the input voltages for regulating it in order to not be varied
162  following the unbalanced input voltages. Later on, these duty cycles are entered into the process of
163  gating pulse generation for driving all the switches of the matrix converter, referring to Figure 6.
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165 Figure 6. Schematic diagram of the proposed control strategy.
166 4. Simulation Results
167 Simulations of the proposed control strategy by modifying the Venturini modulation method

168  for the matrix converter (see Figures 1 and 6) are carried out on the convenient software of
169 MATLAB/Simulink environment in order to verify the theoretical analysis and the proposed control
170  performance. Hereby, the specific parameters indicated in Table 2 are also employed.

171 Table 2. Parameters Used for Simulation.
Parameters Symbols Values
Three-phase input voltages Var Ve, Ve 220 V
Input frequency f 50 Hz
Output frequency f 50 Hz
Three-phase resistive loads R, R R, 10 O
Three-phase inductive loads L. L, L 30 mH
Switching frequency fou 2 kHz
Modulation voltage ratio . 0.5

172 Figure 7 shows the simulated results of the proposed control strategy with the modulation

173 voltage ratio g, of 0.5 under the 10% step-sag command for single-phase unbalanced input voltage

174  condition on phase A. As shown in Figure 7(a), the mean function V, results in 0 V for the period

mean
175  of the balanced input voltage condition, as theoretically calculated from (7). Hence, the proposed
176  control algorithm is directly implemented on the Venturini modulation principle. On the contrary,
177  since the phase-A input voltage sags to 280 V, the proposed control strategy is carried out for
178  regulating the duty cycles at ¢, of 0.5 with a magnitude of the mean function at 10.33 V. As the
179  results, the patterns of the pole voltages V.,V , and Vv, with the proposed control strategy
180  produce the balance and stability for the line-to-line output voltages (V,, for the figure), as well as
181  the three-phase output currents i,, i,, and i, as directly confirmed by the spectrum of output
182  currents shown in Figure 7(b). The magnitudes of the output voltages can be calculated such that
183  their fundamental components are equivalent to around 50% of the input voltages, which is
184  agreeable and corresponding to theory of the Venturini method.

185 Similarly, the unbalanced input voltage condition of the 15% step-sag command is

186  demonstrated in Figure 8. With Figure 8(a), the appearance of the mean function Vv in the sag

mean
187  duration resembles that of Figure 7(a), whereas its magnitude further up to around 15.55 V. That
188  means the disturbance of unbalanced input voltages is more intense in comparison to the case of
189  Figure 7. As expected, the duty cycle modulating waves keeping with the constant modulation
190  voltage ratio g, of 0.5 lead to stable and good qualities of the output voltages and currents.

191  Referring to Figure 8(b), the acceptable harmonic spectrum of output currents is achieved without
192  the reduction in the magnitudes of their fundamental components, including the distortion of the


http://dx.doi.org/10.20944/preprints201805.0283.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 22 May 2018 d0i:10.20944/preprints201805.0283.v1

8 of 14
<
@D
5
S
% S
0 )| N S i
0.16 0.20 0.24 0.28
Time (s)
(@)
12 R T T T 1 T T ! LI T ! L
< ol i,,=10.74A THD, =2.63%] |
§ . fb‘l —11.01 A 0.5 THD, =2.88%
2 - . =2.58% ||
= I.,=11.06 A 0 i ‘ - . e THPi 2;58/0
2 3L ' 3 5 7 9 ]
= 0
1 ! | 1 | 1 | 1
0 1 2 3 4 5 6 7 8 9 10
Harmonic order
(b)
193 Figure 7. Simulation results with the condition of 10% step-sag single-phase unbalanced input
194 voltage. (a) (Top to bottom) Waveforms of step-sag command and error, three-phase input voltages,
195 duty cycle modulating waves, three-phase pole voltages, line-to-line output voltage, and three-phase
196 output currents. (b) Three-phase output currents harmonic spectrum for unbalanced input voltage
197 duration.

198  waveforms. This can authenticate the proposed control strategy performance and its theoretical

199  validity.

200 A set of the simulated results for the 10% step-sag command on phases A and B are shown in
201  Figure 9. Considering 0.2 s to 0.24 s (see Figure 9(a)), owing to the same level of unbalanced input
202  voltage sag, the mean function V. results in the same magnitude as that of the single-phase

203  unbalanced input voltage condition (see Figure 7(a)), except that its phase angle is led by 90°.
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204 Figure 8. Simulation results with the condition of 15% step-sag single-phase unbalanced input
205 voltage. (a) (Top to bottom) Waveforms of step-sag command and error, three-phase input voltages,
206 duty cycle modulating waves, three-phase pole voltages, line-to-line output voltage, and three-phase
207 output currents. (b) Three-phase output currents harmonic spectrum for unbalanced input voltage
208 duration.

209  Even though both phase-A and phase-B input voltages unintentionally fall to around 280 V, the
210  output voltages and currents can achieve recognizable qualities and magnitudes for the whole
211  duration. In Figure 9(b), it is evident that the output voltages and currents are still kept a three-phase
212  balanced feature with the performance of the proposed control strategy.
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213 Figure 9. Simulation results with the condition of 10% step-sag two-phase unbalanced input
214 voltages. (a) (Top to bottom) Waveforms of step-sag command and error, three-phase input voltages,
215 duty cycle modulating waves, three-phase pole voltages, line-to-line output voltage, and three-phase
216 output currents. (b) Three-phase output currents harmonic spectrum for unbalanced input voltage
217 duration.
218 Subsequent to investigation of the proposed control strategy performance under the two-phase

219  unbalanced input voltage condition, the application of the 15% step-sag command on phases A and
220  Bis also challenged in Figure 10. As it can be seen in the sag period of the input voltages, the mean
221  function V,,, of this case is found to be around 15.55 V (see Figure 10(a)), it has the same

222  magnitude as that of Figure 8(a). A change in the dual-phase (A and B) input voltages does not affect
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223 Figure 10. Simulation results with the condition of 15% step-sag two-phase unbalanced input
224 voltages. (a) (Top to bottom) Waveforms of step-sag command and error, three-phase input voltages,
225 duty cycle modulating waves, three-phase pole voltages, line-to-line output voltage, and three-phase
226 output currents. (b) Three-phase output currents harmonic spectrum for unbalanced input voltage
227 duration.

228  the duty cycles with the proposed control strategy. This is why there are not more distortions in the
229  output voltages and currents, as can be viewed from the corresponding harmonic spectrum in
230 Figure 10(b). For discussion, it is noteworthy that the proposed control strategy is not workable for a
231  case of much more than 15% two-phase unbalanced input voltage condition. That means it is
232  unserviceable for the extreme single-phase and two-phase unbalanced input voltage conditions,
233  including the three-phase unbalanced input voltage conditions.
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234 According to the disagreeable output profiles under 15%-sag unbalanced input voltage
235  condition of the proposed control strategy, as investigated in the previous section, it is consequently
236  evaluated with only 10% sag of single-phase unbalanced input voltage condition. To distinctly
237  confirm the performance of the proposed control strategy, it is also compared with the conventional
238  Venturini method in the point of view of the fundamental output magnitude and the output current
239  quality, as shown in Figures 11(a) and 11(b). The evaluation of Figure 11(a) shows that the proposed
240  control strategy can improve the output magnitude of the matrix converter from the conventional
241  Venturini method under the same conditions as unbalanced input voltages although it produces a
242 lower output magnitude, when compared to that of the normal situation, with a modulation index of
243  greater than 0.5. As the THD, have been illustrated in Figure 11(b), it is pointed out that the

244 proposed control strategy not only can improve the output magnitude of the matrix converter, but
245  also can develop the output current quality from the conventional Venturini method, when it is
246  operated under unbalanced input voltage condition. Moreover, it also provides the same THD,

247  tendency, as operated under the non-unbalanced input voltage condition (normal situation). This
248  could confirm the performance of the proposed control strategy for the matrix converter under
249  unbalanced input voltage conditions.
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250 Figure 11. Performance evaluation of the proposed control strategy for the matrix converter
251 compared with the conventional Venturini method ([1, 2]).
252 5. Conclusion
253 A control strategy by modifying the Venturini modulation method for matrix converter under

254  unbalanced input voltage conditions is presented in this paper. It is not necessary to consume any
255  additional energy storages, hardware devices, and complicated control algorithms. In the proposed
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256  algorithm, the duty cycle calculation based on the Venturini method is modified by mathematical
257  analyses on the mean function of the measured three-phase input voltages and the error calculations
258  in order to satisfy the desirable stable and balanced output voltages, along with the desirable
259  magnitudes of fundamental components. Among the results, the proposed control strategy is able to
260  eliminate the low-order harmonics of the output voltages and provide as the balanced waveforms
261  under single- and two-phase unbalanced input voltage conditions. Among these reasons, it can
262  also confirm the validity of the theoretical principle and the authenticity of the proposed control
263  strategy performance. Unfortunately, this strategy is unworkable for massive sag voltage conditions
264 of more than 15% and three-phase unbalanced input voltage conditions.
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