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This study primarily focuses on the design of an intelligent three-phase soft-switching mode rectifier (SSMR). Firstly, the small-
signal dynamic model of a single-phase SSMR is derived together with the design of its controller. Then, the developed single-phase
SSMR is connected to form an intelligent three-phase SSMR. When any of the phase modules in the proposed intelligent three-
phase SSMR experiences a fault, it can continue to supply power automatically under reduced load capacity while still maintaining
good power quality characteristics. Finally, some simulation results were used to demonstrate the effectiveness of the proposed

intelligent three-phase SSMR design.

1. Introduction

Traditional rectifiers contain a large amount of harmonic
currents, which reduce the power factor of input AC side and
greatly deteriorate the power quality. To enhance power qual-
ity, a switching-mode rectifier (SMR) with power factor regu-
lation [1] is used to make the rectifier-induced current form a
sine wave with the power factor near to 1. A traditional hard-
switch mode SMR comes with reduced power conversion
efficiency due to a larger switching loss and possesses greater
switching stress and electromagnetic interference (EMI). It
uses the auxiliary resonant branches connected to the original
power circuit on the hard-switching mode SMR and the mod-
ified switching control signals of the pulse-width modulation
(PWM) to complete the soft-switching mode rectifier (SSMR)
operation [2]. In general, large electrical equipments are fed
with a three-phase power. A considerable variety of three-
phase circuit configurations have been derived from single-
phase switching rectifier circuits. Among them, the circuit
architecture of a boost converter [3-5] is the simplest in
form, easiest to control, and superior in performance; these
are the primary reasons for its wide use. To date, a variety
of circuit configurations and control technologies for the
single-stage three-phase boost AC/DC converter have been

proposed. Some of these configurations use a single active
switch [6, 7], while others use six active switches [8, 9]. Single
active switch-based three-phase boost AC/DC converters
have a very simple architecture but contain a large amount
of low older harmonics. Six active switch-based three-phase
boost AC/DC converters can obtain a better power factor and
harmonic control characteristics but involve a more complex
control strategy.

Some three-phase SMRs constructed using three or two
separate single-phase SMR modules were presented in [10-
13]. Though the three connected single-phase modules in a
three-phase A-connected SMR [12] can directly apply the
power factor control and soft-switching technology of a
single-phase module, when one of the three-phase mod-
ules fails, A-connected can change to V-connected. It can
continue to provide power under a reduced load condition,
which translates into improved system reliability, but it is
done at the expense of power quality [12]. In [13], the
authors proposed a modified T-connected three-phase SMR,
which is constructed using two single-phase SMRs and one
center-tapped autotransformer. The three-phase line drawn
currents are made balanced by applying unbalanced two-
phase voltages to power the two-single SMRs. However, as
any module is randomly disabled, this three-phase SMR
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FIGURE 1: Circuit configuration of the proposed ZVT SSMR.
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FIGURE 2: Block diagram of the control structure of the proposed ZVT SSMR.

cannot online detect the fault occurrence and continuously
perform the three-phase SMR operation through automatic
switch connection arrangement. To overcome these prob-
lems, this study proposes that single-phase SSMR modules
should be connected together to form an intelligent three-
phase SSMR that not only has a simple connection structure
but also possesses automatic online fault detection functions.
In the case of a module experiencing a fault, the intelligent
three-phase SSMR can continue to maintain the three-phase
balance of high power quality electricity supply without
having to shut down for fault module maintenance, thus
greatly enhancing the quality and reliability of the power
supplied by the system.

2. Single-Phase SSMR

Figure 1 shows the power circuit of the single-phase boost
SSMR adopted in this study. The proposed zero-voltage
transition (ZVT) SSMR system design adopts the current
switch control method that uses ramp-comparison pulse-
width modulation under the continuous current conduction
mode (CCM).

2.1. Scheme of Control Loop. The control block diagram of the
proposed SSMR, as shown in Figure 2, contains both inner
and outer control loops. The inner loop is the current control
loop, and the outer loop is the voltage control loop. The role
of the current control loop is to raise the power factor, and the
role of the voltage control loop is to provide stability control
for the output DC voltage.

According to the on- and off-states of circuit switches and
diodes in Figure 1, a switching period can be divided into
seven operating modes. Their main waveform variables are
as shown in Figure 3.

2.2. Design of a Current Control Loop Controller. The state
average method can be used to derive the current loop gain
transfer function [10]. If the current controller G;(s) chooses
to use a proportional-integrated (PI) controller, then the
general rule of the crossover frequency of current control
loop gain should be less than the switching frequency 1/2 (i.e.,
f. < 0.5f,) and should be applied for the design of the current
controller [10], which obtains

Kps+ Ky
Gy (5) = =2t =

16.5s + 10000
S .

)

2.3. Deriving the Converter Model. The ZVT SSMR circuit
configuration in Figure 1 was divided into a slow-variable
subsystem and a fast-variable subsystem [14]. The slow
subsystem consisted of main storage (filter) components
for input and output, while the fast subsystem consisted
of resonant components with a state variable filter (slow
system variables) as iy, (tf) and vg,(t) and resonant state
variables (fast system variables) as if,(t) and v, (f). From
the fast subsystem perspective, the slow state variables in the
entire switching period T, could be considered as constants.
In contrast, from the slow subsystem perspective, only the
average effect of fast resonant state variables could be seen.
Therefore, when deriving the mathematical model for the
converter, the moving average function of the fast variables
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TABLE 1: g, (t), ip(t), and i, (¢) solutions for SSMR in the seven operation modes.
Time period ) Variable )
ve, (1) in(t) ipg(t)
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FIGURE 3: Voltage and current waveforms of the main components of ZVT SSMR.
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FIGURE 4: Average equivalent circuit from a slow speed perspective.

should be calculated first and then substituted into the slow
variables to obtain the averaging model for the slow variables.
Finally, the average power method was used to derive the
small-signal model of the converter [15]. From the circuit
configuration in Figure 1, the slow filter perspective could
be used to depict the average equivalent circuit of the slow
system that was shown in Figure 4. The dashed-line portion
indicates the average effect of fast variables on the slow
variables system. Additionally, r,, is the serial equivalent
resistance of the boost inductor L,,,.

(a) Obtain moving average function v, of v, as

6
e, (1) = (v (), = TLZ

s i=0

r”l ve, Mdr. ()
t;

(b) Obtain moving average function ip; of ipy; (t) as

6 ti+1
i ) = (ipw ), = 7> | lip® +in, @] dr. @)

s i=0 “ti

Since the system in Figure 1 shows a very small loss to be
negligible, the averaged equivalent circuit of the slow system
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FIGURE 5: Slow speed perspective average model equivalent circuit during the period T of input voltage v,.
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where K, = 2v2K/m, and K is the proportional constant of . 2\/§V02 2\/§V02
the rectifier. Tor = = = ]
nl;,,V,
At the DC operating point of (ir,. )7, = Ipm Vagrme) = KA1V irms) Lm ¥ d(rms)
- T 53 2 2
Vaemsy itm = Apm (ipr(®))g, = Ipp, and v, = V,, after Ty 2 8.V, = 81.V, ,
experiencing a small-signal disturbance and ignoring high- Kfﬂerl’sz;(rms) LI},
order terms of AC, the system can obtain the following. 2T
T3 = C .

(a) The AC component of the input current (i Lm)TL is .

Equations (5) and (6) can be used to draw the small-

By (8) = KiVia(ms) A (6) + Kyl Aagms) (£) signal equivalent circuit model of the converter, as

. ~ 1 €) shown in Figure 6. The transfer function of Ai},, to
= gyhip, () + T_Avd(frnS) ®)> Av, when Avy,,,s) = 0 can be derived from Figure 6
/ as follows:
h N a -~ Av, (s)
where g¢ = KiUg(g and ry = 1/(KyIp,,). A—()
- Aip,, (s -
(b) AC component of output current (ip (£))r, is Lo 227 (A0 =0)
~ _ gor % (Ry/ (1 + sR.C,)) (8)
Aipy, (t) = Gy Aigy, () + GoyAVg(rms () L+ [(1/ (rp1/ /150l 73)) x (R/ (1 + sR,C,))]
(6) R
—[L+L+L]Avo(t), - In k| .
i T2 Th3 SR.Cy + (Ry/ (roy//152/ I133)) + 1
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FIGURE 7: The proposed intelligent three-phase SSMR: (a) circuit configuration; (b) control structure.

3. Proposed Intelligent Three-Phase SSMR

The three-phase rectifier circuit system possesses advantages
such as higher capacity, higher output voltage ripple fre-
quency, and smaller ripple amplitude. Therefore, to increase
the system capacity and the quality of the power supply, the
single-phase SSMR in this study is connected to form a three-
phase SSMR for the power supply. When any of the phase
modules experiences a fault, the three-phase SSMR system
can continue to maintain the three-phase balanced power
supply under a reduced load capacity while still maintaining
excellent power quality characteristics.

3.1 Proposed Circuit Configuration of a Single-Phase SSMR
Module Connected to Form a Three-Phase SSMR. The pro-
posed circuit configuration and control structure of the
intelligent three-phase SSMR has two more center-tapped
autotransformers and three more toggle switches than a
traditional three-phase A-connected SSMR system, as shown
in Figures 7(a) and 7(b) [13, 16]. The control structure of
the intelligent three-phase SSMR in Figure 7(b) has added
current distributing factors w; ~ ws, fault diagnosis, and
troubleshooting logic components. The fault diagnosis and
troubleshooting logic unit controlled the switching of the
proposed intelligent three-phase SSMR toggle switches



Voltage K

controller

Converter
AU: m K, s+ K + P b
_ _P 1 _ N
+ z ew(s) = B Gp(s) T sta K, Av,

Mathematical Problems in Engineering

FIGURE 8: Voltage control loop block diagram of the proposed three-phase SSMR.

SW1~SW3 and the selection of current distribution factors
w; ~ w;. SWI~SW3 in each module switche to the @) point
shown in Figure 7(a) under normal operation, with the
selection of current distribution factors w; ~ w; as 1. When
each module of the proposed intelligent three-phase SSMR is
operating under normal conditions, its circuit configuration
is complete the same as the three-phase A-connected SSMR.
Therefore, the total capacity and the phasor diagram of
voltage and current of the intelligent three-phase SSMR are
similar to those of a traditional three-phase A-connected
SSMR.

3.2. Design of a Voltage Control Loop Controller. Under good
current tracking characteristics, the proposed voltage control
loop of a three-phase SSMR can be reasonably expressed as
in the block diagram of Figure 8, where K, is the conversion
coeflicient of a load power disturbance on the voltage, K,, is
the expressed voltage sensing conversion factor, which is set
as K, = 0.02(V/V), and GP(S) is the transfer function of the
converter. Based on the ease of implementation considera-
tion, the voltage controller G, (s) uses a PI controller.

The proposed small-signal equivalent circuit model for
the three-phase SSMR converter is plotted in Figure 9 based
on the single-phase SSMR determined in Section 2.3. The
transfer function of Ai;,, to Av, during AUy(ms) = 0 that can
be obtained from Figure 9 is

Av, (s)

Aigyy () Ay =0)

_ 39, * (Ry/ (1 +sR,C,)) )
1+ [(3/ () [162/ I73)) * (R / (1 + sR,C,))]

39mRy
SRLC, + (3Ry/ (r1/ 10l [1h3)) + 17

When the module load in each phase reaches P, =
300.4 W, the voltage controller will first use a simple propor-
tional controller (P-controller) G, (s) = K,=5 and set v, to
8 V (the actual command value is 8 V/0.02 = 400 V). In cases
where the input inductor current iy, (t) is able to completely
track the command current, the current amplitude command
signal T;,, is measured to be 6.4 A, with an actual output
voltage of 360V at the specific moment. The rest of the
parameters required for seeking the transfer function of the
converter are listed in Table 2. By substituting the parameters

TABLE 2: Parameters required for finding the transfer function of the
converter.

Input voltage Vy,,,.¢) 220V
Maximum output power P, 600 W
Boost inductor L, 450 uH
Output filter capacitor C, 2000 uF
Load resistor R, 150 O
Resonant inductor L, 20 uH
Resonant capacitor C, 870 PF
Switching period T 10 ps
Resonant impedance Z, 151.62 Q2
Ratio constant K, 5V/220V

listed in Table 2 into (9), the converter transfer function can
be obtained as

b 851.38
G == — 10
»( s+a s+20.16 (10)

If the system is to achieve high performance load regu-
lation characteristics, the step load dynamic response is gen-
erally required to possess characteristics such as zero steady-
state error, zero overshoot, smallest possible maximum volt-
age dip, and quickest possible restore time. The output voltage
specification requirements on the step response are

(i) steady-state error = 0;
(ii) overshoot = 0;

(iii) output voltage dip caused by a unit-step load change
AP, = 600 W is set to Av, =8V;

0,max
(iv) voltage dip restore time: t, = 0.8 sec.

The voltage controller parameters that can be obtained using
voltage controller quantitative design steps [15] are K, = 1.3
and K; = 9.46.

3.3. Power Supply Situation during Any Phase Fault in the
Proposed Intelligent Three-Phase SSMR. The circuit configu-
ration and the phasor diagram of the associated voltage and
current of the proposed intelligent three-phase SSMR during
u phase module failure are shown in Figure 10. Assume that
when the u phase SSMR module is experiencing a fault, the
position of SW3 will be switched to (&), and at that specific
moment, the output power values of SSMR v and SSMR w are
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FIGURE 9: Small-signal equivalent circuit model of the proposed three-phase SSMR converter.
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during v phase fault.

P, and P,,. Their circuit configuration and the phasor diagram
of related voltages and currents are plotted in Figure 10, and
the obtained P, and P,, are

B, = Vil I1] = (V3 Vi) (KB Vi B
3 3., s (an
Py = Vol 1l = (5 Vel ) (K5 Vel Tres ).

where K is the proportionality constant of the rectifier, and w,
and w; are current distribution factors of SSMR v and SSMR
w, respectively. In (11), the purported P, = P,, condition must
be met by satisfying

w,:w; =0.75:1. (12)
At the moment when |V,| = V, |I,| = (V3/2)I, |Vyy| =
(V3/2)V, and |Iy| = I, the total capacity of the proposed
modified T-connected SSMR during a fault in SSMR u is

1
=3Vl = —P,.
N

When a fault occurs in the v phase SSMR module, the
output power values of SSMR u and SSMR w are P, and P,

VAr = Pp = |V, | |L] + |[Viv| | Tw] 13)

The circuit configuration and the phasor diagram of the
related voltages and currents are plotted in Figure 11, and the
obtained P, and P, are

By = Val 1] = (V3 Vel ) (V3 Vi ).
3 3 R (14)
Py =Vl Il = (5 Vel ) (K5 Vel Tes ).

where K is the proportionality constant of the rectifier, and w,
and wj are current distribution factors of SSMR u and SSMR
w, respectively. In (14), the purported P, = P, condition must
be met by satistying

w; tw; =075 1. (15)
At the moment when |V,| = V, || = (V3/2)I, |Vyy| =
(V3/2)V, and |Iy| = I, the total capacity of the proposed
modified T-connected SSMR during a fault in SSMR v is

1
\V3VI = —P,.
N

When a fault occurs in a w phase SSMR module, the
output power values of SSMR u and SSMR v are P, and

VAr = Pp = |V | |L| + [Viy| [Tw| = (16)
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P,. The circuit configuration and the phasor diagram of the
correlated voltages and currents are plotted in Figure 12, and
the obtained P, and P, are

By = Vil 1] = (V3 Vil ) (K V3 Vi ).
3 3., s 17
Py =Vl 1l = (5 Vil ) (K5 [Vl P )

where K is the proportionality constant of the rectifier, and w,
and w, are current distribution factors of SSMR © and SSMR
v, respectively. In (17), the purported P, = P, condition must
be met by satisfying

wy rw, =0.75:1. (18)
At the moment when |V,| = V, |[,| = (V3/2)1, V,| =

(V3/2)V, and |I,| = I, the total capacity of the proposed
modified T-connected SSMR during a fault in SSMR w is

1
VA = Pp = |V, ||L] + |[V,| || = V3VI = EPA. 19)

Based on the previous analysis, when a fault occurs in any
phase module of the proposed intelligent three-phase SSMR,

TaBLE 3: Positions of toggle switches SW1~SW3 under various
operating conditions.

Operating condition Switch

SW1 SW2 SW3
Normal operation @ @ ®
SSMR u fault @ @ @
SSMR v fault @ ) ®
SSMR w fault @ @ @

the total capacity is reduced to 1//3 that of normal operation.
When a fault occurs to any phase module and during normal
three-phase module operation, the switch state of toggle
switches SW1~SW3 and the current distribution factors used
in each module are as shown in Tables 3 and 4. During
normal operation, current flowing through the module can
be detected; therefore, the logic level of that module during
normal operation is set to high. In contrast, when a module
experiences a fault, the logic level is set to low. In Table 3,
when the switch is placed at the @) point, the logic level is
set to high. When it is at the (b) point, it is set to low. In
Table 4, when the current distribution factor is 1, the logic
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FIGURE 13: Logic control circuit of the proposed intelligent three-phase SSMR.
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module in the proposed intelligent three-phase SSMR: (a) simulated waveforms of output DC voltages and input voltages and currents for
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level is set to high; when the current distribution factor is
0.75, the logic level is set to low. The logic levels demonstrated
by the previous results are summarized in a logic control
circuit truth-value table in Table 5. The truth-value table
listed in Table 5 has been simplified using Karnaugh map,
and its logic control circuit can be realized using the logic
circuit in Figure 13. The logic circuit in Figure 13 can be

used to control the position of the toggle switches SW1~
SW3 and the selection of a current distribution factor in
Figures 10 to 12. When a fault occurs in any phase module
of the proposed three-phase modified T-connected SSMR
system, the detected faulty module can again perform a no-
fault module current distribution factor selection and can
automatically toggle the position of switches SWI~SW3 to
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FIGURE 15: Simulated results of a continuous power supply when the load drops from 1800 W to 1800/+/3 W during a failure of a SSMR v
module in the proposed intelligent three-phase SSMR: (a) simulated waveforms of output DC voltages and input voltages and currents for
each phase; (b) simulated waveforms of input voltages and currents of various modules.

TABLE 4: Current distribution factors used under various operating
conditions.

. .\ Current distribution factor
Operating condition

w, W, Wy
Normal operation 1 1 1
SSMR u fault X 0.75 1
SSMR v fault 0.75 X 1
SSMR w fault 0.75 1 X

Note: x indicates not taking into consideration.

change the circuit configuration. The three-phase balanced
power supply is continuously maintained under a reduced
load capacity, allowing it to still regulate the input voltage and
current into almost the same phase. This achieves an excellent
supply quality of almost 1.0 in the power factor.

4. Simulation Results of the Proposed
Intelligent Three-Phase SMR

Since each single module of the proposed intelligent three-
phase SSMR system is rated at 600 W, the total power is

1800 W. Therefore, when a fault occurs in any module in this
system, if the load capacity is greater than 1800/+/3 W, then
the system reduces the load to continue providing power.
This ensures that no-fault modules would not be burnt down
by a power overload. Figures 14, 15, and 16 are the PSIM
software generated waveforms representing relevant restored
voltages and currents after the troubleshooting of faults from
a sudden failure of any of the SSMR u, SSMR v, and SSMR
w modules under a reduced power load when the proposed
SSMR supply load is 1800 W. As is evident from the intelligent
three-phase SSMR shown in the figures, when each module
is operating normally, the three-phase input line voltage and
current are nearly in phase to produce a three-phase balance
power supply. When one module fails, the input line voltage
and current of the three-phase can maintain in phase and
supply the three-phase balance power, while the amplitude
of the input voltage and current and phasor diagram of each
no-fault module is also consistent with positions that are in
phase. Therefore, it has a good power factor and low harmonic
characteristics. The output DC voltage during the dynamic
response to a module fault and the post fault troubleshooting
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FIGURE 16: Simulated results of a continuous power supply when the load drops from 1800 W to 1800/+/3 W during a failure of SSMR w
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TaBLE 5: Truth-value table of a logic control circuit of the proposed
intelligent three-phase SSMR.

li,| 13, [, w, w, w; SW1 SW2 SW3
L L L X X X X X X
L L H H H H H H H
L H L H H H H H H
L H H X L H H H L
H L L H H H H H H
H L H L X H L H H
H H L L H X H L H
H H H H H H H H H

power restoration can also use the designed voltage controller
to retain a high regulation performance.

The comparisons of circuit structure, switching charac-
teristics, power quality, fault tolerance, and reliability of the
power supply between the proposed three-phase SSMR and

some of the existing ones are made in Table 6. It shows that
the proposed three-phase SSMR possesses the advantages of
flexibility, reliability, superior power quality, and on-line fault
detection tolerance.

5. Conclusions

For the application of a three-phase power feeding in large-
capacity power electronic equipment, this study adopted
single-phase single module SSMR to assemble an intelligent
three-phase SSMR system power supply. When any mod-
ule in this three-phase SSMR module experiences a fault,
the proposed intelligent three-phase SSMR system can use
intelligent online fault diagnosis and a fault troubleshooting
strategy to immediately reduce the load capacity online to
continue maintaining the three-phase balanced power supply,
keeping the three-phase SSMR system from shutting down
for rerouting. This greatly enhances the reliability of the
power supply, while the three-phase input voltage and current
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TABLE 6: Characteristics comparison between different three-phase switching mode rectifiers (SMRs).

Ttems Topologies

TSP PFC SMR in [13] PFC SSMR in [12] Proposed SSMR
Circuit structure Medium Simple Medium
Switching characteristics Hard-switching Soft-switching Soft-switching
Power quality Superior Inferior Superior
Fault tolerance Inferior Inferior Superior
Reliability of the power supply Inferior Inferior Superior

are still almost in phase; so, the power supply side can still
possess the characteristics of good power factor and low
harmonics.
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