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Abstract: A novel vector operated one-cycle control matrix rectifier (OCC-MR) is
proposed in this paper. Matrix rectifier (MR) is a generalized buck three-phase AC-DC
converter with four-quadrant operation capability. MR can also be the front-stage circuit
of AC-DC-AC equivalent structure of MC. One-cycle control (OCC) is a nonlinear con-
trol technique, which integrates modulation algorithm and control strategy. By applying
OCC to current control loop, the OCC-MR achieves balance only in a switching cycle,
and realizes unitary input power factor. Furthermore, vector operation of OCC results in
minimum switching losses. In order to make up for the insufficiency of OCC on load
disturbance suppression, a PID controller is added onto output voltage control to improve
load regulation. The OCC-MR features great simplicity, fast dynamic response and good
immunity on input disturbance. On the basis of theoretical analysis, a systematic simula-
tion of OCC-MR is implemented by means of Matlab/Simulink. Both static state perfor-
mance and dynamic state performance of OCC-MR are discussed deeply. The simulation
results have proved theoretical analysis of the vector operation of OCC-MR, and the
control effects are satisfactory.
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1. Introduction

Three-phase to three-phase matrix converter (MC) can be derived into three-phase to two-
phase MC by removing any group of three bidirectional switches, which is responsible for
yielding one phase output [1, 2]. When the desired output frequency is set to zero, the three-
phase to two-phase MC is a three-phase AC-DC MC, i.e. DC matrix converter, named matrix
rectifier (MR) for convenience here. It is a generalized buck three-phase AC-DC converter
with four-quadrant operation capability [2]. Matrix rectifier provides bipolar output voltage,
sinusoidal input current with minimum higher order harmonics, its input current waveform is
pure sinusoidal, and the input power factor is near unity. Simultaneously it has bi-directional
energy flow capability. In addition, MR can also be the front-stage circuit of AC-DC-AC
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equivalent structure of MC and that of quasi-sparse matrix converter [3, 4]. At this point,
a further study on MR is significant.

Up to now, there are mainly three methods to control MR, they are, switch function
method [5, 6], scalar method [7-9] and space vector pulse-width-modulation (SVPWM)
method [10-12]. Other methods can be mainly derived from the three ones [13-18].

The first method contributed by Venturini needs calculating the switch timings directly ac-
cording to the relationship between the input voltages and the target output voltages [5]. This
method is of little practical significance because of cumbersome calculation for a practical
implementation and the 50% voltage ratio limitation. Venturini’s optimum method employs
the common-mode addition technique to achieve a maximum voltage ratio of 86.67%. The
formal statement of the algorithm, including displacement factor control, is rather complex
and appears unsuitable for real time implementation.

The scalar modulation method is typical among a number of modulation methods which
have been developed, where the switch action signals are calculated directly from measure-
ments of the input voltages. The motivation behind their development is usually given as the
perceived complexity of the Venturini method. The scalar method relies on the measurement
of the instantaneous input voltages.

The SVPWM is well known and established in conventional PWM inverters. Its applica-
tion to MR is conceptually the same, but is more complex. For a MR, the SVPWM can be
applied to input current control.

All of the methods mentioned above need many sensors for the voltages and multipliers for
the three-phase current references, which results in a complex circuit, high cost, and low
stability.

A new nonlinear control technique, one-cycle control (OCC), was introduced in [19] for
constant switching frequency operation. This technique can establish a large-signal nonlinear
PWM scheme that features a simple circuit, high performance, and universal applications. The
OCC technique takes advantage of the pulsed and nonlinear nature of switching converters
and achieves instantaneous dynamic control of the average value of a switched variable, e.g.,
voltage or current; more specifically, it takes only one switching cycle for the average value of
the switched variable to reach a new steady-state after a transient. There is neither steady-state
error nor dynamic error between the control reference and the average value of the switched
variable. This technique provides fast dynamic response, excellent power source perturbation
rejection, robust performance, and automatic switching error correction [20]. This technique
can be extended to control variable frequency switches. The one-cycle control technique is
general, and it is suitable for the control of PWM converters and resonant-based converters for
either voltage or current control. OCC has been successfully implemented in many aspects of
power electronics including dc/dc converters [19], ac/dc converters [21], dc/ac inverters [22],
PFC’s [23-26], and both single-phase and three-phase active power filter (APF) [27].

In this paper, a new three-phase vector-operated OCC-MR is proposed. It achieves three-
phase unity PF and low THD without complex reference calculation. The OCC control circuit
includes two integrators with reset as well as a few linear and digital components. The
OCC-MR features constant switching frequency (beneficial for magnetic design) and vector
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operation (lower switching losses compared to the traditional PWM operation). In order for
anew concept to be industrially and commercially adoptable, a rigid evaluation for all possible
practical scenarios is performed and solid engineering design guidelines are developed. The
structure of this paper is arranged as follows: the principle of OCC is reviewed in Section 1;
the vector operation of OCC MR is analyzed in Section 2; Section 3 presents the simulations
results, including both steady state and dynamic state; and conclusions are given in Section 5.

2. Principle of OCC

The essence of one-cycle control lies in the control of duty ratio of the switch so as to
making the average value of the switched variable equal to the control reference during one
switching cycle [12].

A switch operates according to the switch function k() at a frequency f; = 1/Ts,

k() 10<t<T
t) = ’ . (1)
0Ty <t<T;

In each cycle, the switch is on state for a time duration Ty and is off state for a time
duration Topr, where Toy + Topr =T,. The duty ratio d = Tpy/T is modulated by an analog
control reference v,.(f). The input signal x(¢) at the input node of the switch is chopped by the
switch and transferred to the output node of the switch to form a switched variable y(f). The
frequency and the pulse width of the switched variable y(¥) is the same as that of the switch
function k(¢), while the envelope of the switched variable y(7) is the same as the input signal
x(?) as shown in Fig. 1.
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Fig. 1. Principle of one-cycle control
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Suppose the switch frequency f; is much higher than the frequency band width of either the
input signal x(f) or the control reference v,.(f); then the effective signal carried in the switch
output, i.e. the average of the switched variable is

Y(t) = % [, x(t)de = x(t)TiS [y de=x(0)-d(2). 3)
The switched variable y(¢) at the output node of the switch is the product of the input signal
x(7) and the duty ratio d(?); therefore, the switch is characteristic of nonlinearity.
If the duty ratio of the switch is modulated such that the integration of the switched
variable at the switch output is exactly equal to the integration of the control reference in each
switching cycle, i.e.

[, x()ydt = [° v, (t)dt. &)

then the average value of the switched variable at the switch output is exactly equal to the
control reference in each cycle, since the switching period is constant.

Ty

1 1
EJOTON x(t)dt:T—S [o¥ Vi (Dt (5)

Therefore, the average of the switched variable is instantaneously controlled within one
cycle, i.e.

Ty

1 ! 1
YO == [\ X(O)dt == [° V,op (Dt =V, (1. ©)
TS TS

The technique to control switches according to this concept is defined as the one-cycle
control technique. With one-cycle control, the effective output signal of the switch is

y(t) = ref (t) (7)

The switch rejects the input signal fully and all-passes the control reference v, linearly;
therefore, the one-cycle control technique is capable of turning a non-linear switch into
a linear path. The implementation circuit for One-Cycle Controlled constant-frequency switch
is shown in Fig. 2.

One-Cycle Controlled

Constant Frequency Switch
(1) quency »()
4 Reset
v
Cin
Controller I I
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e
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Fig. 2. One-cycle controlled constant frequency switch [19]



www.czasopisma.pan.pl P N www.journals.pan.pl

N

Vol. 61(2012) Vector operation of one-cycle controlled matrix rectifier 153

The key component of the one-cycle control technique is the integrator and the resetter.
The integration starts the moment when the switch is turned on by the fixed frequency clock
pulse. The integration value,

Vi = k[ x(t)dt ®)

is compared with the control reference v,.(f) instantaneously, where  is a constant. At the
instant when the integration value vy, reaches the control reference v,.Af), the controller sends
a command to the switch to change it from the on state to the off state. At the same time, the
controller resets the integrator to zero. The duty-ratio d = Tyy/ T of the present cycle is
determined by the following equation,

k[ x()dt = v, (1), ©)

Since the switch period 7 is constant, and K = 1/kT is a constant, the average value of the
switched variable at the switch output y(¢) is guaranteed to be

1
y(t)=— [ x(@O)dt = Kv, (1) (10)
TS

in each cycle. Figure 3 shows the operating waveforms of the circuit, when v,,= constant.
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Fig. 3. Waveforms of the one-cycle controlled constant frequency switch

Note that any physical or signal switch can be one-cycle controlled, i.e. the switched vari-
able can be any switched physical variable or abstract signal.
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3. Vector Operation of OCC-MR

A) Topology of OCC-MR

The OCC-MR shown in this paper is composed of a three-phase bridge as the main circuit,
commutation and drive circuit and a one-cycle controller as shown in Fig. 4(a). The main
circuit is a three-phase bridge current source rectifier. The dc-bus current is developed by an
inductor. The power line provides symmetric sinusoidal three-phase voltages and currents in
normal operation. The bridge rectifier contains a three-phase LC filter and six bidirectional
switches that are of common-emitter anti-paralleled type. The converter operates in con-
tinuous conduction mode (CCM) under the condition of high switching frequency and proper
design of the inductor.
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Fig. 4. Circuits of the OCC-MR: (a) Main circuit of the OCC-MR, (b) OCC controller
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Although adding LC filter to a power converter is generally associated with losses and
hence can be said to reduce the overall efficiency, the input LC filter attenuates the high-
frequency normal-mode current and shunts the common-mode currents at the input side. So
input current harmonics and conducted EMI of OCC-MR is reduced effectively. For there are
many technical publications that research the design method and influence of LC filter in
a power converter [28-29], it is not discussed detailedly in this paper any more.

The control circuit contains an OCC core, some vector operation logic, and a voltage feed-
back circuit, as shown in Fig. 4(b). The OCC core includes two multipliers, two comparators,
and two integrators with reset as well as one flip-flop; the vector operation logic contains
a vector region selection circuit that divides a line cycle into six regions according to the
power line voltage (shown in Fig. 5), a synchronizing circuit that selects the vector voltages v,
and v; from the three phase voltages e,, e, and e, as the synchronizing signals of input phase
currents (shown in Table 1), and the voltage feedback loop that regulates the dc-bus voltage
and generates the amplitude signal of input currents. The dc-bus voltage is regulated against
areference voltage so that it keeps constant during steady-state operation. The error signal
passes a proportion-integration (PI) regulator to form the modulation signal. The OCC control
core takes the modulation signal together with the vector voltages to generate current refe-
rences i, and iz The output current i, passes to two integrators, of which the results are
compared with current references to produce switch trigger signals S, and S;. The output logic
circuit takes the switch trigger signals S, and S; together with the result of region selection
circuit to produce the duty ratios of the six bidirectional switches.

A u/v
€a ep ec
T o >
ot
Vi / 1 17 v v Vi /

Fig. 5. Regions of input phase voltage

B) Vector operation of OCC-MR

For vector operation, a line cycle, as shown in Fig. 5, is evenly divided into six regions
according to the zero-crossing points of each phase voltage. In each region, the two switches
of the dominant phase, whose voltage polarity is opposite to the other two, are kept ON and
OFF, respectively, in the entire region, which brings about minimum switching losses. The
switches of the other phases are controlled at switching frequency. The vector enters a new
region in each 60° of one line cycle. This mechanism is shown in Table 1.
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In this fashion, the six-switch bridge can be decoupled into a parallel-connected dual-buck
120°), supposing output voltage is positive, switch S

topology. For example, in region I (60° +

is kept ON and switches S; and Ss are kept OFF for the entire region, while switches S,, S; and
S¢ are controlled at switching frequency as shown in Fig. 6. The circuit can be treated as a pa-

rallel-connected dual-buck converter with the input voltage of v,. and v, as shown in Fig. 7.

Table 1. Vector operation mechanism of the OCC-MR when output voltage is positive

Region VI I 1 I VI v
Angle Ofl(’i‘a)se voltage | o g0l 600+ 1200] 120° + 180°| 180° + 240°| 240° + 300°| 300° = 360°
Synchronizing Ve e, €p € ec ec €u
Slgnal Vﬂ [P €. €, €, €p ep
Controlled Iq iq iy ip i i iq
currents iy i i i, iy Ip iy
on S4 S1 S() S3 SZ SS
Output off AT 83 S5 8> Sy S1 Ss Sy S N
logic S, S, S, S; Ss Ss S
Sy Ss S S, S, S, S,
daTv d/fT: d0]:
1 AS
>
0 t
. As, Fig. 6. Drive pulses of S2, S4 and S6
>
0 t
AS
1 2
>
0
, Iy Ct
a) i L i L i
v DI Load[|"s Vb D vD Load [ |
Y
L NS

Fig. 7. Equivalent circuit of OCC-MR in Sector I, (a) S on, S,, Sy off, (b) S; on, S, and S¢ off
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When switch Sq is ON, S, and S, are OFF, ¢ € [0, ¢,], the resulting equivalent circuit of
OCC-MR is as shown in Fig. 7a.

{%:_Q:&. (11

When switch S4 is ON, S2 and S6 are OFF, ¢ € [t,, t5], the yielding equivalent circuit of
OCC-MR is shown in Fig. 7b).

i, =—i, =i,
. 12
When switch S2 is ON, S4 and S6 are OFF, ¢ € [t5, T], phase currents i, and i, are equal
to zero, i.e.
i, =—1.=0
{.” . (13)
i, =1

The average values of phase currents ib and ic during one switch cycle are given by

+ 1.7, 1.5,

lb :7-'.0!‘ lbdt = —ijlLdt (14)
+ 1.7 Loy, Lo, .
— ["i.di =~ [idt = [oipdt. (15)

For the switched variables i, and i. are controlled to reach the references iy.r and ics
respectively, in one switching cycle, if we define references ij.rand i...ras

Iyrer = Ly sin(a)t+(pb) (16)
and
icr(;f :Iin Sin(a)t+¢c)’ (17)

where 7;, is the amplitude of phase currents, which is the output of voltage regulator, ¢, and @,
are initial phases of voltage e, and e, then the duty ratios of switch S6 and S4 can be derived
from equations (18) and (19).

A T . .
A :thflLdt:lb"?f =1, sin(ot+g,) (18)
N
and

o1, . .
i :Fjé” i dt =iy, =1, sm(a)t+;oc). (19)

N
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If the currents i, and i. are controlled to track phase voltages ¢, and e,, respectively, the
third current i, tracks phase voltage ea automatically, since i, + i, + i.=0and e, + ¢, + ¢, =0
are always satisfied in an individual MR in normal operation. Therefore, the power factor of
MR is unity. Moreover, only two phase currents with smaller absolute value are switched at
high frequency, while the phase current with the maximum absolute value is fixed ON or OFF
in each region. Thus, the switching losses are greatly reduced.

If the output voltage is negative, switch S, is kept ON and switches S, and S are kept OFF
for the entire region, while switches S}, S; and Ss are controlled at switching frequency. The
duty ratios of S5 and S; can be calculated according to (18) and (19).

Similarly, the equivalent circuit and the control key equations of other regions can be
derived in the same manner. All the control key equations can be implemented by the same
OCC control circuit that rotates from region to region dictated by a voltage selection circuit
and a drive signal distributor according to the region selection signal.

C) Design of voltage regulator

With one cycle control, transfer function from current reference to input phase current is
simplified to a first order system. For the input current tracks the phase voltage, the OCC-MR
is equivalent to a three-phase resistance load. According to active power conservation law,

SZR LR+ ER)E R, = IER, (20)
Le.
IL = (3Rin)/(2Ro)*Iin’ (21)

where, I, = I, = I, = I, are the amplitudes of input phase currents, R;, = R, = R, = R,, are input
impedances of OCC-MR, Ro is the load. The output voltage of OCC-MR is

U, :IL >x<Ro :\[ 3Rin Ro >l<Iin = Req Iin' (22)

In order to eliminate the influence of load disturbance on the system, a PI controller is
applied to the outer voltage control loop. The control structure of voltage regulator is shown in
Fig. 8. It is very easy to set up the parameters of PI controller by means of poles placement.

Uoref — KpSJr K; Iinrei b L R, Uo _
+T il g 7551 g S g

Fig. 8. Control structure of output voltage

D) Stability consideration

With the proposed approach, the output current may experience a large distortion at
startup. Since all the switches are off at the moment of startup, the output current of OCC-MR
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is zero. So the results of integrators in one-cycle controller are zero. According to formulas
(18) and (19), the duty ratios of switches are fixed to 1, and the input voltage is delivered to
output side directly. The output current will increase fast. Then the results of integrators be-
come very large, so duty ratios are fixed to 0 next cycle and all switches are turned off. So the
One-Cycle Controller does not work properly at the beginning. To solve this problem, a soft
startup process is used in this paper. When the power is turn on, controller starts to work. The
duty ratio of switches is limited to a small value. As the output current increases, the duty ratio
increases. With the soft startup process, current distortion is eliminated.

During the operation, when the load or output voltage reference is changed suddenly, the
output of voltage regulator may vary sharply. Since the OCC-MR is a kind of current source
rectifier, the output current would not be changed suddenly. If the amplitude of input current
reference is larger than that of output current, in certain regions of the line cycle, the duty
ratios calculated according to formulas (18) and (19) will fixed to 1 or 0, and the converter is
not chopped anymore. The converter could be “partly uncontrolled.” The “partly uncontrol-
led” phenomena could deteriorate the performance of OCC-MR.

In order to control the converter fully, the output of voltage regulator, i.e. [;, should be
limited.

I < 2uyl;

TR (23)

where E is the amplitude of input phase voltages. For the output voltage and current vary with
the load, the limitation to voltage regulator is changed.

It is worthy to note that, since the output of voltage regulator can’t be changed in a sudden
and its slope is limited, the response of voltage loop is also limited.

4. Simulation analysis

To verify the proposed control scheme, the OCC-MR is simulated using Power System
Blockset in MATLAB/SIMULINK environment. The parameters of the system are given in
Table 2. The whole system is simulated in the discrete time domain with the sampling
frequency of 10 kHz.

To check the performance of OCC-MR, steady state and some typical dynamic states of
the circuit in practical operation are investigated, which include the following:

1)Normal operation, e.g., balanced input voltages, constant load and control reference;
2)Changes of control command, e.g., output voltage reference varies in a step;

3)Fast load change, e.g., load power varies in a step;

4)Unbalanced input voltage source, e.g., the amplitude of one phase voltage is reduced by 20%.

The simulation results are shown in Figs. 9-12, respectively.

Figure 9 shows the normal operation of OCC-MR. The input voltage sources are balanced.
The load and output voltage control reference are fixed to 25 Q and 200 V, respectively. The
input currents are balanced and input power factor is unity. The THD of input current is
3.90%. The ripple of output voltage is less than 5.0 V.



www.czasopisma.pan.pl P N www.journals.pan.pl

I

POLSKA AKADEMIA NAUK

160 X Yang, J. Jiang, X. Yang Arch. Elect. Eng.
a) 400 T T b) 6
/\ VRS . /\ FRERRN - — 4
S 200 ’ £ 5 A Vi <
. 7 . = 2y
S N \ . v 5
FLA ' : A v 5 o
[<] . . \ ’ . o
> 1 . . -
= . - > —_—, 3 2
o -200 b I
g B x . -6 £
= oL \ / oL ., -4
-400 - L L :
0.04 0.045 0.05 0.055 0.06 0.085 0.07 0.675 0.08 0.04 0.045 0.05 0.055 0.06 0.065 0.07 0.075 0.08
Time [s] Time [s]
10
C) d) 250
8 200
< =
c 6 1 S 150 1
2 )
3 4 12 00 .
o 5
8 2 £ 50
.8 |
- o
0.04 0.045 0.05 0.055 0.06 0.065 0.07 0.075 0.08 8,04 0.045 0.05 0.055 0.06 0.065 0.07 0.075 0.08
Time [s] Time [s]
e) Fundamental (50 Hz) = 4.035, THD = 3.90%
100 T
i) Pl
& % A
£ .
§ eof-
= 1 1 '
E ' 1 '
5 40[" o A
X \ \ \ \ \ @ \
ad - dasaad 4 s T N
o 20[T T A
© ' ' ' ' ' ' ' 1 '
E o ] ' L ' N 1 ' ' ' 1 '
0 100 200 300 400 500 600 700 800 900 1000

Frequency (Hz)
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Table 2. The parameters of the OCC-MR system

Three phase source 220 VAC

LC filter L=0.5mH, C=5uF
DC-link inductor 5.5mH
DC-link voltage 200V
Sampling frequency 10 kHz
Switching frequency 10 kHz
Resistive load 25Q
Voltage regulator K,=0.1,K;=30

Figure 10 gives the dynamic response of OCC-MR. Suppose the load is constant and input
voltages are balanced without any perturbation. The voltage control reference is sharply
changed from 100 V to 200 V at ¢ = 0.05s. The error between reference and the real value of
output voltage causes the change of amplitude of input current reference. With one cycle
control, input currents can track their references in each cycle. Therefore, the tracking per-
formance of voltage control reference largely depends on the performance of the voltage re-
gulator. From the simulation results, it can be concluded that the output of OCC-MR reaches
new stable state within 0.01 s.

To study the load disturbance rejection of OCC-MR, the load is changed from 25 Q to
15 Q at t = 0.05 s, at the same time the voltage control reference is kept constant and input
voltages are balanced without any perturbation. Intrinsically, Since the OCC-MR is a kind of
current source rectifier, the output voltage changes exactly and immediately when changes
occur in the load. This disturbance is equivalent to the case when the voltage control reference
is changed. Therefore, the OCC-MR completely rejects load disturbances to the output
voltage, and keeps the output voltage constant. Simulation results are shown in Fig. 11.

Figure 12 shows the vector operation of OCC-MR under un- balanced input voltage
source. The phase voltage e, is reduced by 20%, while the other two phase voltages e, and e,
are kept unchanged. From the simulation results, it can be seen that, input current ia is en-
larged by 20%, while currents ib and ic are not changed. Therefore, the active power of each
phase is identical like before. The THD of input current is 4.33%, which is larger than that
under normal conditions. The output voltage also follows the control reference. So the OCC-MR
can work well no matter the input voltage source is balanced or not. Since the OCC-MR is one
kind of buck converter and the maximum linear voltage ratio is only 0.866, it doesn’t work as
expected if the RMS value of input voltage is less than the desired output voltage.

5. Conclusions

In this paper, a three-phase OCC-MR with vector operation is investigated. This converter
provides a simple, effective and reliable rectification method. The OCC-MR use a three-phase
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bridge as its power stage and two integrators with reset along with a few logic and linear com-
ponents as its control core. The OCC controller is used to control input phase currents tracking
input phase voltages. The power factor of OCC-MR is unity. By using vector operation, only
two phase currents with smaller absolute value are switched at high frequency, while the phase
current with the maximum absolute value is fixed ON or OFF in each region. Thus, the
switching losses of whole converter are greatly lowered. The OCC-MR has rigid adaptability
to the power system whether it is three-phase balanced or unbalanced and is capable of re-
jecting the load perturbations completely; the input phase currents are able to follow the
control references within one cycle; and the switching error is automatically corrected within
one cycle. There is neither steady state error nor dynamic error between the control reference
and the average value of the input phase currents.
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