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Abstract: This paper proposes an input voltage disturbance suppression control strategy for the
unidirectional matrix converter (UMC) with a new modulation scheme enhancing the stability. In the
new scheme, the modulation index is directly, rather than reversely, proportional to the instantaneous
amplitude of input filter capacitor voltages. Contrary to traditional schemes, the stability of the
UMC with this new scheme is even better with the increase of the transferred active power, which is
particularly suitable for applications with sinusoidal and balanced input conditions. As to the
disturbed input conditions, the new scheme could introduce low-frequency harmonics into output
currents. To address this issue, a feedback control strategy of output current amplitude is further
proposed to eliminate the additional harmonics. Stability analysis of a UMC with the proposed
modulation scheme and feedback control strategy is presented. Experimental results have verified
the validity of the proposed control solution.

Keywords: matrix converter; stability; feedback control; input voltage disturbance

1. Introduction

The matrix converter (MCs) realizes direct AC-AC power conversion with minimal passive
components [1] and has attracted attention from many researchers [2-5]. The indirect matrix converter
(IMC) is a subtype of the MC [6], which consists of a rectifier stage and an inverter stage, as shown
in Figure 1la. The IMC features a simple commutation strategy which could achieve zero current
switching for the rectifier stage. For applications where only unidirectional power supply is required,
such as the aerospace power supply system, the rectifier stage of the IMC could be simplified by
removing the forward transistors. Termed as the unidirectional MC (UMC) in this paper, the simplified
topology is shown in Figure 1b. Moreover, it is possible to further reduce the usage of transistors by
using other configurations of switches at the rectifier stage [6-9].

Due to the lack of intermediate energy storage elements, the MC is sensitive to input voltage
disturbances. Besides, LC filter resonance could be easily affected if the damping is insufficient.
Both issues are related with the modulation scheme of the MC. Most existing modulation schemes
address the first issue effectively, sampling instantaneous input voltages to correct the modulation
signals [10-13]. Specifically, the modulation index of the MC is obtained from the reference output
voltage amplitude divided by the instantaneous input voltage amplitude, which is designated as the
feedforward control.
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Figure 1. Topologies of the indirect matrix converter (a) and the unidirectional matrix converter (UMC) (b).

Nevertheless, the stability issue has subordinate priority in the control goal of existing schemes.
If the input source is ideal, source voltages can be sampled for modulation so that the MC stability
would not be affected. Yet, the damping of the input LC filter is insufficient, and thus additional passive
or active damping control is still necessary [14]. When the source is weak with high impedance (such
as a generator input), the filter capacitor voltages are sampled for modulation. In this case, the stability
of MC could be deteriorated, as is well acknowledged in the literature. In [15], the small-signal analysis
shows that these schemes lead to unstable poles. In [16], the phase margin is found to be negative.
Reference [17] reveals that these schemes generate negative input admittances, which is the reason
for the worsened stability. In addition, the analyses in the literature also prove that the higher the
transferred active power is, the worse the stability will be.

To improve the stability of the MC with existing modulation schemes, some stabilization methods
have been proposed in the literature, most of which adopt digitally filtered input voltages to calculate the
modulation signals [16-19]. Though they do have the capability to stabilize the MC, their performance
relies on the parameters of the digital filters [17]. Besides, the digital filter directly transfers the input
voltage disturbances to output voltages, degrading the output control performance [20]. Therefore,
structure and parameters of the digital filters need to be carefully designed, considering both the
stability improvement and disturbance suppression.

In this paper, a novel control solution is proposed, especially applicable to the UMC. Different from
existing solutions, the proposed solution grants higher priority to the stability issue and adopts
additional methods to suppress the effects of input voltage disturbances, if any. A new modulation
scheme is firstly applied to the UMC, in which the modulation index is directly proportional to the
instantaneous amplitude of input filter capacitor voltages. The new scheme generates positive input
admittances, which become larger with the increase of the active power. Therefore, it always enhances
the stability of the UMC without additional stabilization methods, which is particularly suitable for
situations with balanced and sinusoidal input voltages. When the input voltages are unbalanced
and/or distorted, low-frequency harmonics are present in output currents. A feedback control strategy
of output current amplitude is then proposed to eliminate the unwanted harmonics. Stability analysis
is performed for the UMC with the proposed control solution. Experimental results are provided to
verify the effectiveness of the proposed control solution.

2. Modulation Schemes for the UMC

2.1. Traditional Modulation Scheme

Control of the typical UMC system is shown in Figure 2. The load of the UMC can be a simple
passive load, as adopted in this paper, or an active load such as a motor, which does not affect the
effectiveness of the study in this paper. As discussed in [17], the load effect has quite limited effect
on the input stability of the MC, and thus can be ignored for simplifying the stability study of the
MC [16,17]. The output control, such as the typical field-oriented control for the motor, generates the
reference amplitude, Uom , and phase angle, 0,4, of the output voltages of the UMC.
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Figure 2. Control of the typical UMC system. Space vector modulation (SVM) is applied to generate
the switching signals of UMC.

For traditional modulation schemes with feedforward control, the modulation index, m, of the
UMC is calculated as
2ub 1)

m =
‘/gucm COs @5

where uom " is the reference output voltage amplitude, uq is the instantaneous amplitude of the input
filter capacitor voltages, and ¢; is the input power factor angle. The phase angle, 6;;, for the rectifier
stage modulation is the subtraction of O, and ¢;, where 6 is the phase angle of the capacitor voltages.
Both the duty cycle calculation and the switching pattern for the UMC are the same as those for
the typical indirect matrix converter [2], which are not changed by the proposed modulation scheme
and the feedback control strategy. As presented below, the proposed modulation scheme only changes
the expression of the modulation index.
With the traditional modulation scheme, the «f3-axis components of input currents can be
expressed as [14]
fjow = 1M cos Ojjige = m cos(Ocu — (Pi)idcr 2)

iig = msin Ojiige = msin(Ocu = @i )ide- ®3)
The af3-axis components of capacitor voltages satisfy

Uco = Uem €OS Ocy, 4)

Ucp = Uem SiN Ocy. 5)

Variable ig. in Equation (2) is defined as [14]

. %(ugaiw + uzﬁioﬁ)
Ide = o : (6)

om

With the substitution of Equations (1), (4), and (6), Equation (2) can be rewritten as

po(um + Uep tan (pi)
liw = > ’ (7)
1.5ug,,
) po(ucfg, — Uc tan goi)
Lp = ’ (8)

1.5u2,

where p, is the instantaneous active power to be transferred to the load, expressed as

Po = 15(1fon + 15 giop ), 9)
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where 1,4 and uop" are the reference af-axis components of the output voltages. Theoretically,
Po should be a constant DC signal for the balanced and sinusoidal load.

Usually, the stability analysis for the MC system should be performed in the synchronous reference
frame, where all the variables are DC signals. In the synchronous reference frame oriented with the
source voltage vector, the dg-axis input currents are obtained from Equations (7) and (8) as

Po (ucd + Ucq tan (Pi)
1.5u2,,

lid = , (10)
p0<ucq — Ued tan (pi)
1.512

° cam

iiq = : a1

where the square of the instantaneous amplitude of capacitor voltages satisfies

gy = U2y + U3 (12)
where u.q and uqq are the dq-axis components of capacitor voltages.

The stability analysis method based on the input impedance is quite intuitive and thus is adopted
in this paper. According to the definition of input admittances of the MC [17], the dg-axis input
admittances with the traditional modulation scheme are

Yi = X = 13

T dued ~ 15112, (13)
Ji,

lq ~ Po (14)

97 Jueq 152,
where the capitalized variables represent the steady-state values. The detailed derivation of
Equations (13) and (14) is presented in the Appendix A section. Equation (13) shows that the
d-axis admittance Yjq is always negative, which is the reason for the deteriorated stability of the UMC

with the traditional modulation scheme. Besides, the larger the active power Py, the larger the absolute
value of Yjq and the worse the stability of UMC.

2.2. Stability-Enhancing Modulation Scheme

From the derivation process of the input admittances, the instantaneous amplitude, u#cm, located in
the denominator of the modulation index expression in Equation (1) is the reason for the negative sign
of Yiq. Therefore, a new modulation scheme is inspired, which calculates the modulation index with

2u3  Uem

m=———.
V3UZy, cos i

(15)

It shows that m is directly, rather than inversely, as in the traditional modulation schemes, proportional to
Ucm. Theoretically, the modulation index obtained with Equation (15) is the same with that obtained
with Equation (1) at the steady state, if the system remains stable. This is because Ucm in Equation (15)
is exactly the same as the steady-state value of u.yn. However, the stability performance with each of
the two equations differs significantly, as discussed below.

With the substitution of Equations (6) and (15), the «f3-axis components of input currents are
obtained from Equation (2):

po(uc(x + Ucp tan (pi)
1.5U2,

, (16)

lig =
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po(uc[g — Uce tan (pi)

in = 17
s 152, 17)
Accordingly, the dg-axis components of input currents with this new scheme are
. Po (“cd + Ueq tan (Pi)
lig = ) ’ (18)
15U,
. Po(”cq — Ued tan (Pl)
liq = > (19)
1.5Uz,
and the dg-axis input admittances can be derived as
diig P,
id = R (20)
! a Ued 15 Ugm
di; P
q o 1)

9 Jueq 15U,

For the UMC, the transferred active power P, is positive, and thus both Yjq and Yjq are positive.
As a result, the new scheme always enhances the stability of the UMC, saving the need for an additional
stabilization method. Besides, Yjq and Yjq become larger in the positive direction with the increase of P,.
Therefore, the stability of the UMC with this new scheme is even better under high power applications,
contrary to existing schemes. This is a prominent advantage of the proposed modulation scheme.

It can be derived that the dg-axis impedances are both zero if the source voltages usa, tsp, and ugc
are sampled for modulation, which thereby have no effect on the stability. Consequently, for traditional
schemes, sampling the source voltages are preferred if they are accessible. However, an additional
passive or active stabilization method is still necessary to suppress the filter resonance. On the contrary,
sampling the capacitor voltages is preferred for the proposed scheme even if the source voltages are
accessible, as the stability and filter damping can always be enhanced with this scheme.

3. Proposed Feedback Control Strategy and Stability Analysis

3.1. Feedback Control of Output Current Amplitude

In some cases, such as a generator input, the input voltages are sinusoidal and balanced.
The proposed modulation scheme can be applied to achieve enhanced stability and satisfactory power
quality without additional control, reducing the control complexity. Yet, when the input source is the
utility grid, which could be unbalanced and/or distorted, the output power quality is reduced by the
proposed scheme. The traditional modulation schemes with an additional stabilization method also
suffer from this issue [20]. This issue can be addressed by incorporating an additional controller in the
closed-loop control on the output side. This paper proposes a novel feedback control strategy for the
proposed modulation scheme.

If Equation (15) is directly applied to the UMC, the actual output voltage amplitude uom is

U

3
Uom = Tmucm COS p; =

It can be seen that 1oy is not equal to its reference Uom , but is directly proportional to the
square of ucy. Under disturbed input conditions, Uem? is not a constant DC signal but contains rich
low-frequency harmonics [20]. For example, for the unbalanced component, the 51" and 7" harmonics
of the capacitor voltages introduce ond gth gth 3nd 8th harmonics in tem?. Consequently, uom also
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contains low-frequency harmonics even if its reference uom " is constant, directly degrading the output
power quality.

To address this issue, the proposed feedback control strategy shown in Figure 2 can be applied,
which adopts a controller, G¢(s), to regulate the output current amplitude, iom. The output signal of
Gc(s) is defined as y, which is used to further correct the modulation index:

2uémUem

m= . (23)
V3(1 ~ y) Uz, cos ¢;

The actual uom with the proposed feedback control strategy is

B V3t cos @ . U2 o4
om = ——— = Momm- (24)
cm y

The signal flow graph of the proposed feedback control strategy is shown in Figure 3a.
Its small-signal linearization is shown in Figure 3b. In Figure 3, Gp(s) is the transfer function
from uom to iom, which is approximately equal to 1/(Los + R,), where L, and R, are the output
inductance and resistance, respectively. The closed-loop transfer function Hy(s) from (1 — Uem?/Uem?)
to y is obtained from Figure 3b:

_ ugmGc(s)Gp(s)
) = T G @G ) >
1 uom*
iom*ucmz/ucmzll% Gﬂﬂh’ fom 1- ; ﬁ?—’| tom [ Grls) | Gcls) FT’ y
@ B (b)

Figure 3. Signal flow graphs of the proposed feedback control strategy: (a) the large-signal control
loop; (b) the small-signal control loop.

According to Equation (24), to eliminate the effects of input voltage disturbances, the low-frequency
components in (1 — y) should be equal to Uem2/Uem?. Therefore, the complex gains of Hy(s) at the
concerned frequencies associated with the input voltage disturbances should be at unity. To achieve this
goal, several advanced resonant controllers (RCs) are adopted in parallel to construct the controller G¢(s):

B @S(LOS +Ro)
Gel(s) =) o 21 (26)

where w; is the input angular frequency, n is the order of the concerned frequency, and Kg, is the
static gain of each RC. The integral controller can also be included in G¢(s) by setting n = 0, so that the
effect of imprecise Ucm? in Equation (23) can be eliminated. Each RC compensates the additional loop
gain uom  and the pole of Gp(s) in order to simplify the expression of Hy(s) and improve the dynamic
performance. According to the principle of RC, it provides infinite gain at its central frequency but
sorely limited gain at the other frequencies. It can be deduced that the complex gains of Hy(s) at
the frequencies nwj are at unity but approach zero at the other frequencies. Therefore, the proposed
feedback control strategy can eliminate the effects of input voltage disturbances without introducing
other harmonics.

3.2. Stability Analysis

Stability analysis is performed in this part to verify the validity of the proposed feedback control
strategy. The impedance-based method presented in [17] is adopted to perform the analysis. To simplify
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the analysis, the dg-axis coupling terms and the load effect, which have quite limited effect on the
stability, are ignored in this paper.

With the proposed feedback control strategy, the dg-axis components of input currents can be
obtained from Equations (18) and (19) by replacing Equation (15) with Equation (23):

, po(ucd + licq tan (pi)
Lid = 5
1'5ucm(1 - y)

, (27)

) po(ucq — Ucq tan (pi) 28)
lig = .
9 U2, (1-y)

As signal y is associated with ucm?, according to the principle of the proposed strategy, the input
admittances of the UMC are only different with those with the new modulation scheme, which can be
derived from Equations (27) and (28) with the substitution of Hy(s):

g P

o
di;

9 Py (30)

97 Jueq 15U,
The detailed derivation is provided in the Appendix A section. Equations (29) and (30) show that
the proposed strategy could theoretically influence the d-axis input admittance and further the UMC
stability, subject to the transfer function Hy(s). Nevertheless, the practical influence is sorely limited,
as analyzed below.
The small signal d-axis input circuit of the UMC is shown in Figure 4, where K¢ is the resistance of
the filter inductor, L¢. The transfer function Hjs(s) from Aijq to Aigq is obtained from Figure 4:

1

Hig(s) = ,
() 1+ (sCt + Yia) (sL¢ + R¢)

(31)

The poles of His(s) can be used to evaluate the UMC stability. If there is a pole located in the
right-half complex plane, the UMC becomes unstable.

Aty Aigy Re L¢

Figure 4. Small signal d-axis input circuit of the UMC.

As shown in Figure 5, the poles with the traditional modulation schemes are located at the unstable
region with positive real parts, resulting from the negative input admittances. Therefore, an additional
stabilization method is inevitably needed for traditional schemes so as to drive the unstable poles to
the stable region, which requires great control effort.

The proposed modulation and control strategy are applied to the UMC instead. In this example,
five RCs withn =0, 2, 4, 6, and 8 are adopted in the controller G¢(s), which are sufficient to eliminate the
effects of the imprecise Ucm?, the input voltage unbalance, and the common 5% and 7 input voltage
harmonics. With the static gain Kp, increasing from 0 to 4000, the pole locus of His(s) is illustrated in
Figure 5. When the proposed feedback control strategy is disabled with Kg,, = 0, the poles associated
with the resonant mode of the input LC filter are located in the stable region and far away from the
imaginary axis. This proves that the new modulation scheme enhances the stability dramatically.
When Kg,, increases, the damping of the resonant mode increases first and then decreases. When Kg,
is very large, the poles may move to the right-half complex plane, showing that the UMC becomes
unstable. The value of Ky, at the critically stable point is about 2000, which far exceeds the value of
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200 adopted in practice. The poles with Kg,, = 200 are highlighted in Figure 5, indicating that all the
poles are stable with sufficient damping.

3
15 %10
10 ro Trad. Scheme |
25 7
g «— 3
@ QFreveeee S S i Unstabld
E s |
Kr,, Increase
0 Ri O S S
« . 3
s : x10
12 -9 -6 -3 0 3 6
Real

Figure 5. Pole locus of His(s) as a function of Kg,, where the proposed modulation scheme and control
strategy are applied. The poles with the traditional schemes are also shown for comparison.

The influence can also be found from the expression of Yj4(s) shown in Equation (29). When Kg,
is small, the gain of Hy(s) at the resonant frequency is small and thus the new modulation scheme
dominates, enhancing the stability. On the contrary, when Ky, is extremely large, Hy(s) can be
considered at unity. In this case, Yiq is negative, just as for the one generated by the traditional
modulation schemes. This means that the new modulation scheme and the proposed feedback
control strategy will behave like the traditional modulation schemes under extremely large values
of KRr,,. Nevertheless, small K, values are always sufficient to eliminate the effects of input voltage
disturbances, and thus the influence of the additional feedback control strategy on the UMC stability is
quite minor.

4. Experimental Verification

Experimental verification is conducted on the UMC prototype shown in Figure 6. The prototype
parameters are listed in Table 1. The typical closed-loop control of output phase currents in a stationary
reference frame is applied to generate the reference amplitude and phase angle of output voltages.
A high-performance programmable AC source (Chroma 61511) serves as the input source.

Firstly, source voltages are set as balanced and sinusoidal. The root mean square (RMS) value of
phase voltages is 100 V. The experimental result with the traditional modulation scheme shown in
Figure 7a indicates that the UMC becomes unstable with severe filter resonance observed. Both the
input and output power quality are very poor. It should be noted that the output current amplitude
reference is reduced by half in this case. If the reference is set to the rated value listed in Table 1,
the stability will be even worse. As a result, an additional stabilization method is indispensable for the
traditional scheme. When the proposed modulation scheme is applied instead, both the input and
output currents are highly sinusoidal, as shown in Figure 7b. In particular, the input filter resonance is
suppressed effectively without an additional passive or active stabilization method. The proposed
scheme is quite suitable for applications with sinusoidal and balanced input voltages, such as the
distributed generation system with a generator input. In these applications, the proposed scheme
is preferable since the elimination of an additional stabilization method could reduce the control
and hardware complexity of the UMC significantly. Therefore, there will be more space, in both the
software and hardware, to achieve other control objectives.
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Figure 6. Experimental prototype of the unidirectional matrix converter.

Table 1. Parameters of the UMC prototype.

Term Value
Input Filter Inductor, L¢ 1.1mH
Input Filter Capacitor, C¢ 5.0 uF
Resistance of L 0.01 O
Output Inductor, L, 10.6 mH
Output Resistor, R, 10.0 QO
Output Current Amphtude Reference, 80 A
lom
Input Frequency 50 Hz
Output Frequency, fo 60 Hz
Sampling Frequency, f 30 kHz
Static Gain, Kg,;,, of Each RC 200
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Figure 7. Experimental results under balanced and sinusoidal input voltages: (a) with traditional

modulation scheme; (b) with the proposed modulation scheme.

Secondly, source voltages are set as unbalanced and distorted. The RMS values of the three-phase

source voltages are 120 V, 100 V, and 80 V, respectively, causing voltage unbalance. Each phase voltage
contains 5% 5" and 5% 7™ harmonics. Therefore, the source voltages are highly disturbed, as shown in
Figure 8. Figure 9a shows the experimental results with the proposed modulation scheme and without
the proposed feedback control strategy. It is clear that only the proposed modulation scheme cannot
obtain sinusoidal output currents in this case. Significant low-frequency ripples are observed in the
instantaneous amplitude, iom, of output currents. The output current is highly distorted. It should
be noted that the traditional modulation schemes with an additional stabilization method based
on input voltage filtering also suffer from degraded power quality under input disturbances [20].
The proposed feedback control strategy is then incorporated, of which the experimental results are
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shown in Figure 9b. It can be seen that the output current is highly sinusoidal and perfectly tracks its
reference. The low-frequency ripples in its amplitude, iom, are eliminated. The additional control signal
y generated by the proposed feedback control strategy contributes to the variation of the modulation
index m, which compensates the source voltage disturbances and thus is the reason for the high
output power quality. In addition, the filter resonance is still effectively suppressed, as shown in
Figure 9a,b, which proves that the proposed modulation scheme can always enhance the MC stability,
regardless of the source voltage disturbances. To sum up, although the proposed modulation scheme
reduces the immunity of the UMC to the input voltage disturbances, the proposed feedback control
strategy can easily suppress such side effect. Therefore, the proposed modulation scheme and control
strategy is a preferable solution for general applications, even with large source voltage disturbances,
considering the prominent advantage of increased stability.

son (100V/div) ugs (SOV/dEV)  ueg (SOV/div)

Time (10ms/div)
Figure 8. Waveforms of the three-phase unbalanced and distorted source voltages.

fsa (7V\
z(,m (5A/d1v) o

ioa (SA/div

A (100V/di
Uea (\4 V)

.4 (100V/div
uA(\4 \ )

V z(,m * (5A/div) o fom (5A/d1v) i
A\ .
\ K
U ‘\
AL LA J [
A g SA/div ,wﬂ o sy i (5 T(l o b_
Time (10ms/div) Tme(wn{s/dw) NIWIWEW y(l 0/d1v)

(2) (b)

Figure 9. Experimental results with the proposed modulation scheme under disturbed input condition:
(a) without the proposed feedback control strategy; (b) with the proposed feedback control strategy.

The dynamic performance of the proposed modulation scheme and feedback control strategy is
also evaluated. The obtained experimental results are shown in Figure 10. In Figure 10a, the reference
amplitude of output current fluctuates between 8 A and 4 A. It is clear that the additional control
signal y is quite small during the dynamic process, which indicates that the proposed control solution
does not influence the dynamic performance when the load changes. This is also demonstrated
by the experimental results shown in Figure 10a. In Figure 10b, the amplitude of source voltages
is increased by 10% and then returns to the normal. Although the amplitude of output current is
affected slightly during this dynamic process, the proposed feedback control strategy together with the
typical closed-loop control of output currents can effectively suppress the effects of the disturbances in
a short time. Moreover, the sudden change of the input voltage amplitude has minor influence on the
additional control signal y, which remains small during the dynamic process. Figure 10 proves that the
proposed control solution could achieve satisfactory dynamic performance considering the source and
load transients.
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Figure 10. Experimental results with the proposed modulation scheme and feedback control strategy
during the dynamic process: (a) the reference amplitude, iom ', of output current fluctuates between 8 A
and 4 A; (b) the amplitude of source voltages is increased by 10% and then returns to the normal.

5. Conclusions

Input disturbance suppression and stability improvement are two important issues for the UMC,
both of which are highly dependent on the modulation scheme. Although the existing modulation
schemes could theoretically suppress the input disturbances, they suffer from the degraded stability.
On the contrary, the modulation scheme proposed in this paper always enhances the stability of
the UMC, especially under high active power output, which is well demonstrated by experimental
results. For applications with sinusoidal and balanced source voltages, the proposed modulation
scheme is preferable since the hardware and control complexity is reduced significantly. When source
voltages are disturbed, the proposed feedback control strategy could effectively eliminate the output
low-frequency harmonics without affecting the stability performance. Therefore, the proposed control
solution is a promising alternative to the existing control solutions for the UMC.

The new modulation scheme is not suitable for the standard MC working in reverse mode. In this
case, the traditional modulation schemes with filtered input phase angle can be applied instead,
which will not generate additional low-frequency harmonics in the output currents. Therefore, a hybrid
control solution is suitable for the standard MC.
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Appendix A

(1) Derivation of the dg-axis input admittances in Equations (13) and (14)
With the substitution of Equation (12) into Equations (10) and (11), the dg-axis input currents can
be expressed as

- po(ucd + Ueq tan (Pi)/ (A1)
1.5(u§d + ugq)
iy = po(”cd + Ueq tan (Pi). (A2)

1.5(u§ a T u%q)
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For the balanced and sinusoidal load, the active power, p,, is a constant signal and is independent
of the input voltages. Therefore, according to the definition of the input admittances, Yjq and Yjq can

be expressed as
Yoo — dig _ Po (ufd + U%q) - 2ucd(ucd + ucq tan QUi) A3
(ucd + uC‘])

v i _po (U2, + UZ)) - 2Ucq(Ucq — Ucq tan ;) A
9 dueg 15 ) 5 \2 :
1 15(U2, + U2))

For the synchronous reference frame oriented with the source voltage vector, the capacitor
voltages satisfy
Ueg = Uem, ucq ~ 0. (A5)

Besides, the input power factor of the MC is usually set to unity, which means
tang; = 0. (A6)

By substituting Equations (A5) and (A6) into Equations (A3) and (A4), expressions of the dg-axis
input admittances shown in Equations (13) and (14) can be obtained.

(2) Derivation of the dg-axis input admittances in Equations (29) and (30)

Similarly, the dg-axis input admittances with the proposed control strategy are derived from the
expressions of input currents shown in Equations (27) and (28):

Yo — diig _ P 1 Ueg + Uqtan; Jy (A7)
O dueq  15U2 |1-Y (1-Y)? dua|
di; 1 U — Ugtang; 0
Yiq = > q _ POZ l n oq c . ¢i dy ], (AS)
Ueq 1.5UZ5, 1-Y (1 - Y) &ucq

where Y is the value of y at the steady state, which should be zero; p, is still assumed to be a constant
signal under balanced and sinusoidal outputs. Therefore, with the substitution of Equations (A3) and
(A4), Equations (A5) and (A6) are simplified as

ai'd po ( ay )
Yiq = 2hd _ 1+ Ug—2), A9
47 Ju  15U2, g )

diiq Po
= = ) A10
9 dueq 15U, (A410)
It can be seen that the proposed control strategy only affects the d-axis input admittances.
According to Figure 3b, variable y satisfies

uZ
¢(y) = Hy(s) .5(1 - uCZm ) (A11)

cm
where £ represents the Laplace transformation. Equation (A12) is then derived from Equation (A11):

ady B _ZHy(S)
dlicq B Uem

(A12)

By substituting Equations (A5) and (A12) into Equations (A9) and (A10), expressions of the input
admittances in Equations (29) and (30) can thus be obtained.
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