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Abstract

To effectively reduce the input current harmonics of the front-end rectifier for high-power
electric vehicle chargers, this paper proposes a low-harmonic 36-pulse front-end rectifier
equipped with a dual single-phase auxiliary rectifier pulse-tripling circuit (DSPAR-PTC).
The proposed 36-pulse rectifier consists of a 12-pulse rectifier based on a medium-frequency
power electronic transformer and the aforementioned DSPAR-PTC. According to the re-
lationship between input and output voltages, the DSPAR-PTC operates in multiple con-
duction states to modulate and increase the number of output levels of the rectifier bridge.
Based on the current characteristics of the AC and DC sides, the 12-pulse rectifier is up-
graded to a 36-pulse topology. Thereby, the total harmonic distortion (THD) of the input
current is reduced to one-third of the original value, and an approximately sinusoidal
input current is achieved. The equivalent capacity of the DSPAR-PTC is only 3.7% of
the rated output power, and no active power devices are required. It features a simple
circuit structure, easy engineering implementation, and low cost. A 50 kW rectifier model
is established on the Starsim HIL hardware-in-the-loop platform of Modeling Tech. The
corresponding results verify the correctness of the theoretical analysis and demonstrate the
harmonic suppression performance of the proposed topology.

Keywords: rectifier; EV charger; pulse multiplication; harmonic suppression

1. Introduction

With the rapid development of the electric vehicle industry, the popularization of
high-power charging piles has become a critical infrastructure to support industrial up-
grading [1-3]. The performance of the rectifier, as its core component, directly determines
the charging efficiency, power quality, and equipment miniaturization level [4,5]. In high-
power application scenarios, the 12-pulse rectifier has become a preferred solution for the
alternating current/direct current (AC/DC) conversion link of charging piles due to its
advantages of reliable structure, low cost, and strong anti-interference capability [6,7]. Nev-
ertheless, the conventional 12-pulse rectifier can theoretically cancel the fifth and seventh
characteristic harmonics, while significant 11th and 13th harmonics still remain in the input
current, resulting in a relatively high total harmonic distortion (THD) of the input current.
Moreover, it relies on a low-frequency phase-shifting transformer, whose volume usually
accounts for more than 70% of the total converter capacity, which severely restricts its
application in charging pile fields sensitive to weight and volume [8,9].
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To effectively reduce the volume and weight of phase-shifting transformers, re-
searchers have proposed 12-pulse rectifier topologies adopting autotransformers. The
application of autotransformers greatly reduces the volume and weight of the transformer.
However, there is little difference between the input and output voltage levels of this
scheme, and no electrical isolation exists between the input and output sides, which re-
duces the safety of the AC/DC converter [10,11]. To simultaneously satisfy the isolation
function and volume reduction requirement of transformers, various power electronic
transformers have been proposed successively [12,13]. Compared with conventional power
electronic transformers, the power electronic phase-shifting transformer features a sim-
pler circuit structure and control strategy owing to the unidirectional power flow [14,15].
Reference [16] proposes a medium-frequency 12-pulse rectifier based on a power elec-
tronic phase-shifting transformer, which remarkably reduces the volume and weight of
the phase-shifting transformer. Nevertheless, the input line current THD of this scheme
remains relatively high and often fails to meet industrial application requirements. Al-
though further increasing the number of output voltage phases of the power electronic
phase-shifting transformer can raise the pulse number of the AC/DC converter and reduce
the input current THD, it will increase the design complexity of the transformer, make it
difficult to guarantee winding symmetry, and lead to an exponential growth in the number
of components. This further increases the system complexity, cost, and overall capacity
burden [17].

References [18,19] introduce an auxiliary PWM rectifier into the secondary winding
of the DC-side interphase reactor of a 12-pulse rectifier to indirectly modulate the output
current of the rectifier bridge, thereby realizing harmonic suppression of the rectifier. This
method can achieve satisfactory harmonic suppression performance, yet it suffers from
relatively complex control of the auxiliary circuit and high cost.

To facilitate engineering implementation and improve system reliability, a 24-pulse
rectifier with a double-tapped interphase reactor (DP-IPR) is proposed. By virtue of the
alternate conduction of two diodes on the tap winding, additional operating modes are
introduced, and the 12-pulse rectifier is extended to 24-pulse operation. This scheme
features a simple circuit topology, high reliability, and easy implementation. However,
the diodes on the tap are connected in series with the load path, resulting in considerable
additional conduction loss. To reduce such additional conduction loss, a 24-pulse rectifier
adopting a secondary-side rectification interphase reactor (SR-IPR) is proposed. Since the
diodes in the SR-IPR are connected in parallel with the load, the additional conduction
loss caused by series connection of diodes in the load path is eliminated, and the current
stress of the auxiliary diodes is effectively reduced. Nevertheless, its harmonic suppression
capability is limited and cannot meet the requirements of industrial applications.

Analysis of the 24-pulse rectifiers based on DP-IPR and SR-IPR indicates that although
both topologies can multiply the pulse number of the rectifier, they differ in the modulation
mechanism of rectifier bridge output current and the formation principle of DC-side circu-
lating current. The DP-IPR scheme maintains the voltage characteristics of the interphase
reactor unchanged, while the conduction mode of the SR-IPR scheme is solely determined
by the relationship between the output voltage of the secondary winding and the load
voltage. The operating ranges of the two schemes are both independent and overlapping,
which makes the combined operation of DP-IPR and SR-IPR feasible.

Therefore, to further improve the harmonic suppression capability of the front-end
rectifier for high-power electric vehicle chargers, this paper proposes a low-THD 36-pulse
front-end rectifier integrated with a dual single-phase auxiliary rectifier pulse-tripling
circuit (DSPAR-PTC), as shown in Figure 1. Compared with the proposed 36-pulse rectifier
topology, the DP-IPR and SR-IPR schemes feature lower equivalent capacity of the auxiliary
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circuit, which accounts for only 3.2% and 3.3% of the rated output power, respectively (3.7%
for the proposed scheme). They also employ fewer devices with two fewer auxiliary diodes
and thus have a slight advantage in hardware cost. Nevertheless, this cost advantage is
achieved at the expense of harmonic suppression performance. The proposed DSPAR-PTC
scheme can further reduce the total harmonic distortion (THD) of the input current by
approximately one-third compared with the DP-IPR and SR-IPR schemes, achieving a
remarkable improvement in harmonic suppression. Although the auxiliary circuit capacity
increases slightly by 0.4-0.5% and two additional auxiliary diodes are adopted, leading
to a limited increment in hardware cost, a substantial improvement in the power quality
of the input current is obtained. The proposed DSPAR-PTC topology achieves a superior
tradeoff between harmonic suppression performance and engineering implementation cost,
exhibiting prominent application potential in high-power rectifier equipment.
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Figure 1. Schematic diagram of a high-power EV charger adopting the proposed 36-pulse rectifier.

2. Proposed Front-End Rectifier of EV Charger and Its Operating Modes

Figure 1 shows the schematic diagram of a high-power EV charger adopting the
proposed 36-pulse rectifier, which consists of the proposed 36-pulse rectifier and the post-
stage direct current/direct current (DC/DC) converter. The post-stage DC/DC converter is
adopted to realize the control of the battery charging strategy, while the proposed 36-pulse
rectifier acts as an interface circuit to obtain energy from the power grid. This paper mainly
focuses on the research of the front-end 36-pulse rectifier, which is composed of a 12-pulse
rectifier based on a medium-frequency power electronic transformer and the DSPAR-PTC.

2.1. Analysis of Working Principle of Medium-Frequency Power Electronic Transformer

Compared with the conventional 12-pulse rectifier adopting a power-frequency trans-
former, the medium-frequency power electronic transformer operates at a higher frequency.
Consequently, the 12-pulse rectifier based on the medium-frequency power electronic
transformer achieves a smaller volume. As indicated in reference [16], when the operating
frequency of the transformer increases by approximately 10 times, its volume is reduced to
about one-half of the original size. Therefore, a 12-pulse rectifier equipped with a medium-
frequency power electronic transformer is adopted as the basic main circuit in this paper.
To facilitate the subsequent analysis, the structure and basic operating principle of the
phase-shift transformer in Figure 1 are introduced firstly.

The winding structure of the medium-frequency phase-shift transformer is illustrated
in Figure 2.

To achieve a phase difference of 30° between the two sets of output voltages of the
transformer, the turns ratio of the primary and secondary windings of the phase-shifting
transformer satisfies the following:
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Figure 3 shows the switching function waveforms of the front-end alternating cur-
rent/alternating current (AC/AC) converter of the medium-frequency power electronic
transformer. Among them, S,q;, is the switching function of the uncontrolled rectifier
bridge in the phase-a bridge, S,icpr denotes the switching function of the phase-a full-
bridge inverter circuit, and Sy, represents the overall switching function of the power

electronic converter.
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Figure 2. Winding structure diagram of the medium-frequency phase-shifting transformer.
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Figure 3. Switching function waveforms of the power electronic converter.

Figure 4 shows the main voltage waveforms of the power electronic converter. Sy;
and Sy are the control signals of the opposite switching devices in the full-bridge inverter
circuit, up is the waveform of the phase-A input voltage, and u,p,; represents the output
voltage of the power electronic transformer.
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Figure 4. Voltage waveforms of the power electronic converter.
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It can be seen from Figures 3 and 4 that the power-frequency input voltage is mod-
ulated into a medium-frequency voltage with a sinusoidal envelope by the front-end
AC/AC converter of the medium-frequency power electronic transformer. Consequently,
the phase-shift transformer operates at medium frequency, which reduces the volume of
the phase-shift transformer.

2.2. Analysis of Operating Modes of DSPAR-PTC

To facilitate the analysis of the operating modes of the DSPAR-PTC, the turns ratios p
and m of the primary and secondary windings of the interphase reactor in the DSPAR-PTC
are first defined according to Figure 1.

)

Based on the magnitude relationships among the voltages 11, 1y of the DSPAR-PTC
and the output voltage uy of the rectification system, as well as the polarity of uy, the
proposed rectifier has four operating modes as illustrated in Figure 5. Assuming that the
load inductance in Figure 5 is sufficiently large, the load current iy can be regarded as a
constant value I4. The circuit operating state of each mode is analyzed, respectively, in
the following.

— Uqg

Uqy

Uqy

idl

idl

idl

— Up

Mode |
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Uz
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Mode IV

idl

Figure 5. Operating modes of DSPAR-PTC.

Mode I: When Upy <Ug, —Upp < Uq, and uy > 0, the DSPAR-PTC operates in Mode 1.
Diodes Dy and Dy,; in the parallel branch are both reverse-biased, with the flowing currents
ip1 and ipp equal to zero, and the total output current iy, is zero. Diode Dg; conducts, carrying
a current of ig;, and the total output current of the series branch is is. The rectifier supplies
power to the load through diode D connected in series with the load loop. The relationship
between the output currents iq; and i4, of the three-phase rectifier bridges REC1 and REC2
and the load current I4 are expressed as follows:

ia1 = (3 +p)a
©)
i = (3 —p)la
The relationships between the output voltages 141, 4> of REC1 and REC2 and the

load voltage 14 are as follows:

Ug = Ugy — (% —p)(ug1 — uqp) (4)
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Mode II: When Up1 > Uy and uy > 0, the DSPAR-PTC enters Mode II. The diode Dp1
conducts with a flowing current of i,1, and the total output current is ip. The diode Dy
conducts with a current of i51, and the total output current is is. The rectifier supplies power
to the load jointly through Dy, in parallel with the load and Dg; connected in series with
the load loop. The output currents the output currents iy, igp of REC1 and REC2 can be
expressed in terms of the load current 14 as follows:

ig = 2m—231 I4
p+1
®)

igp =0

The load voltage u4 can be represented by the output voltages 141, ug> of of REC1 and
REC2 as follows:
— 2m
Ud = am—2pr1Hdl
(6)
_ 2m—=2p-1
Ud2 = gp—zpF1Hdl
Mode III: When Upy < Ug, —Upp < Ug, and uy <0, the DSPAR-PTC works in Mode III.
Diodes Dp1 and Dy, are both reverse-biased, the currents ip; and ip, flowing through them
are zero, and the total output current i;, is zero. Diode Dy, conducts with a current of isp,
and the total output current is is. The rectifier supplies power to the load through diode
D, connected in series with the load loop. Applying Kirchhoff’s current law (KCL), the
output currents igq, igp of REC1 and REC2 are related to the load current I as follows:

i = (3 —pla
()
i =(3+p)a

Based on Kirchhoft’s voltage law (KVL), the load voltage uq is derived as follows:

Ug = gy — (% —p)(uqy — ugqr) (8)

Mode IV: When —lUpp > Uig and uy < 0, the DSPAR-PTC runs in Mode IV. The diode Dpz
conducts with a current of iy, and the total output current is i,. The diode Dy, conducts
with a current of isp, and the total output current is is. The rectifier supplies power to the
load jointly through diode Dy, in parallel with the load and diode Ds; connected in series
with the load loop. From Kirchhoff’s current law (KCL), the output currents 747, ig» of REC1
and REC2 can be derived in terms of the load current I4 as follows:

idl = 0
)

iqp = grat 1,
d2 = 2m—2p+1'd

Based on Kirchhoff’s voltage law (KVL), the relationships between the output voltages
g1, Ugp of REC1 and REC2 and the load voltage 14 can be expressed as follows:

— 2m
Ud = gm—gpr1Hd2
(10)
_ 2m—2p—1
Ud1 = zp—gpy1Hd2
when the DSPAR-PTC operates under the optimal turns ratio condition, the main current
and voltage waveforms of the rectifier circuit are shown in Figure 6.

https://doi.org/10.3390/vehicles8100252


https://doi.org/10.3390/vehicles8100252

Vehicles 2026, 8, 252

7 of 20

ip Iy
0.037
o [LLTE AT
is 4 wt
I
oW TUTUTTTTT T
0 >
idl A wt
0970, [~
S TATATATA A
0.341,
il R
ia A wt
1,366/, ———
(d) 0 >
—LLI_LM wt
-1.36614 e DO
Uai
1.03U4F — - —
© \'[\\’f\\’f\\’[\\'f\
0.94U,4
v 0 wt
d A
(H 174U FRRRRAPRRAAAAAA A YYYYYYYYYY
0 >
b3 2T ot

Figure 6. Main current and voltage waveforms of the rectifier. (a) Output current i}, of the auxiliary
rectifier connected in series with the load. (b) Output current is of the auxiliary rectifier connected in
parallel with the load. (¢) Output current iy, of REC1. (d) Input current i, of the proposed rectifier.
(e) Output voltage 141 of REC1 (f) Output voltage uq of the proposed rectifier.

3. Optimal Turns Ratio of DSPAR-PTC

From the analysis of the operating modes of the DSPAR-PTC, it can be seen that the
turns ratios p and m determine the output current and voltage of the rectifier bridge. To
obtain the optimal turns ratio that minimizes the THD of the rectifier input current and the
output voltage ripple, it is necessary to optimize the turns ratios of the DSPAR-PTC.

3.1. Turns Ratio of DSPAR-PTC at Minimum Input Current THD

Based on the winding connection structure of the phase-shifting transformer shown
in Figure 2 and the ampere-turn balance principle, the relationship between the primary
current of the medium-frequency phase-shifting transformer and the input current of the
three-phase rectifier bridge satisfies the following:

Nia-pri + Nigic1 + Nooipy = NitZa1 + Nojia2
Nib-pri + Nioia1 + Nozicx = Nitipy + Noiipp (11)

Nic-pri + Nioip1 + Nopigp = Nitigr + Nojieo

The relationships between the input currents of REC1 and REC2 and their output
currents iq1, igp are as follows:
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ial = Swsalidl
ib1 = SwSbild1
ic] = SwSciid1
(12)

ia2 = SwSa2id2

ibp = SwSp2ld2

ic2 = SW Sc2 idZ

where Sy, is the switching function of the power electronic converter, and S,; is the switch-
ing function corresponding to the input current i,; and output current iy; of RECI.
Sa1 can be expressed as follows [16]:

0 wte o) U B U 2n)

Su=1{1 wtel[B,3) (13)

-1 wte [%”, %”)

According to the phase relationship between the input voltages of REC1 and REC2, the
switching functions satisfy the following relation [16]:

Sp1 = Sa1 £ — &
Sa1 = SalézTn
Sa2 = Sa14 — % (14)

Sb2 = Salé - 5%

S = Sa45

Combined with the rectifier topology in Figure 1, the corresponding relationship
between the grid-side input current and the primary current of the medium-frequency
phase-shifting transformer is as follows [16]:

iq = SWia-pri
ib = SWib-pri (15)
e = SWic—pri

Since the three-phase input current waveforms of the rectifier are phase-shifted by 120°
from each other, only the phase-A input current is discussed. Substituting Equations (11)
and (12) into Equation (15) yields the following:

, V3-1 . V3-1 .
la:kSszSal— 5 Sc1 g1 + | Sa2 — 5 Sb2 |id2 (16)

https://doi.org/10.3390/vehicles8100252


https://doi.org/10.3390/vehicles8100252

Vehicles 2026, 8, 252

9 of 20

The switching function of the power electronic converter is a square wave with a
frequency of 500 Hz and an amplitude of 1, and Sy? is constantly equal to 1. The 500 Hz
operating frequency is selected for the AC/AC converter by considering the tradeoff
between transformer size, power losses, thermal performance, and engineering feasibility.
Increasing the operating frequency can reduce transformer size; however, it also increases
core and AC copper losses, semiconductor switching losses, EMI, and thermal-management
requirements, while imposing more stringent requirements on magnetic materials and
manufacturing processes. In contrast, 500 Hz allows the use of mature thin-gauge silicon
steel sheets while providing a substantial reduction in transformer volume and weight
compared with the conventional 50 Hz operation. Therefore, 500 Hz offers a favorable
balance among transformer size, efficiency, material cost, manufacturing complexity, and
system reliability, and is selected as the operating frequency of the transformer in this study.

According to the operating modes of the rectifier, the output currents iq; and ig, of
REC1 and REC2 can be expressed within one cycle as follows:

(

—p)la wtel0,0)U[E—6,%)

Nl—

0 wte (0, F—0)
iq1 = (17)
(3+pla wtel[E§+0U5-06,%)

ity wte [F4+0,%5-0)
Q+ply wte0,0)U[Z—0,1T)
wgprrla @€, §—0)

igp = (18)
A-pls wtelZFZ+0)U]

Wl
I
&
B
SN—

0 wte[F4+6,5—0)

where 6 denotes the electrical angle at which the operating mode transition of the DSPAR-
PTC is first realized within the range [0, 7t/12], and it satisfies the following:

ug(0) =mlup1(0)| (19)
where the electrical angle 6 is related to the turns ratios m and p by the following:

V3
(4V3—6)(m—p)

Substituting Equations (13), (14), (17), and (18) into Equation (16), the expression of i,
over a quarter cycle can be derived as follows:

6 = arctan(

) (20)

https://doi.org/10.3390/vehicles8100252


https://doi.org/10.3390/vehicles8100252

Vehicles 2026, 8, 252

10 of 20
(V3 —1)ply wt € [0,0)
z(nﬁ;;)j; I wt € [0, % —6)
Q3O VB e [Z -9, T)
(6—2\/3)4P+J§+1Id wt € [Z,Z+0)
i = m}%ld wte[F+6,5-0) (21)

(272\/5)4p+\/§+3 Iy
(2\/5—2)4;7-1-\/5-&-3 I

(V3+1)m
2m—2p+1 Iy

1+2\@Id

wtel5-6,%)
wte 5,5 +0)
wte[5+6,5—0)

wte§-63

It can be seen from Equation (21) that the THD of the input current i, is determined by
the turns ratios p and m of the DSPAR-PTC.
Figure 7 illustrates the relationship between the THD of the input current and the
turns ratios p and m of the DSPAR-PTC.

—
—_ W W

R

Input current THD(%)
W O

w

0.4

0.3
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THD = 5.04% <.
oS \15 10 >
20
o 40 3012\;1% oo ™

Figure 7. Relationship between input current THD and turns ratios p and m.

It can be observed from Figure 7 that when the turns ratios of DSPAR-PTC are p = 0.163

and m = 10.75, the THD of the input current i, reaches a minimum value of 5.04%, which
agrees well with the theoretical value for a conventional 36-pulse rectifier. At this point, the
harmonics of the grid-side current are suppressed to the maximum extent.
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3.2. Turns Ratio of DSPAR-PTC at Minimum Output Voltage Ripple

Let the grid-side supply voltage of the rectifier circuit be as follows:
1y = Up, sin(wt)
up = Up sin(wt — 271/3) (22)
e = Up sin(wt + 27/3)

where Uy, is the amplitude of the input phase voltage.

According to the winding connection structure of the phase-shifting transformer
shown in Figure 2, the output voltage of the secondary windings of the phase-shifting
transformer satisfies the following:

Uy = %SWUm sin(wt + {5)
iy = %2 Sy Un sin(wt — 7%) (23)

Ue = %swum sin(wt + 37)
U = %SWUm sin(a)t — %)

Upp = %SWUm sin(wt — 37) (24)

U = %SWUm Sil‘l(wt + %)

Based on the above analysis of the operating modes of the DSPAR-PTC, the out-
put voltages of REC1 and REC2 satisfy the following relations in the interval [0, 77/3],

respectively:
321y cos(wt + ) wt € [0,0)
a1 = § 24 S gyt Uncos(wt = f5) - wt € [0, § —6) 25)
3Y2 Iy cos(wt — I wt e [Z 6,1
?’zﬁum cos(wt — 75) wte [0, % +6)
uay = 4 2 E T U cos(wt — ) whe [£46,5-6) (26)
%Umcos(w — ) wte 5 —6,%]

The load voltage u4 satisfies the following relation over the interval [0, 7r/12]:

wum cos(wt — {5) + 3‘[2@}7‘2”)% cos(wt+ {5) wt € [0,0)

Ugq = (27)

3v2
2B Unn cos(wt — 75) wte [0, 5]

It can be seen from Equation (27) that the ripple factor W of the load-side output
voltage is also determined by the turns ratios p and m of the DSPAR-PTC. Figure 8 presents
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the relationship between the output voltage ripple factor W and the turns ratios p and m of
the DSPAR-PTC.

~ \
9 R
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— \\
g 1 1 \
<
I |
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Eos N
e,
0.4
& 7=0.163 N TN
o2 m=10.75
= 5 =0.11%
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Os }0 02 S 15 10 :
s, 0220 om
Q[IO 0.1 35 ‘a‘\o

Figure 8. Relationship between output voltage ripple factor W and turns ratios p and m.

It can be seen from Figure 8 that when the turns ratios of the DSPAR-PTC are p = 0.163
and m = 10.75, the output voltage ripple factor W also reaches its minimum value of 0.11%.

Combining the input current THD and the output voltage ripple, it can be concluded
that the rectifier circuit achieves the optimal harmonic suppression performance at p = 0.163
and m = 10.75, and the proposed circuit operates as a standard 36-pulse rectifier circuit.

4. Capacity Analysis of DSPAR-PTC

To clarify the influence of the proposed method on system capacity and provide a
reference for the design of DSPAR-PTC, the capacity of DSPAR-PTC is analyzed under the
optimal turns ratio condition.

The corresponding value of § under the optimal turns ratio condition is as follows:

V3 s

f— = — 2
0 arctan(4\f3_6)(m_p) p = 0.163 13 (28)
m = 10.75

The expression for the primary-side voltage Uy of the DSPAR-PTC within one operat-
ing period [0, 7t/3] is as follows:

9\\267\\?11 sin(wt) wt € [0,{5)

%Umcos(wt - %5) wtelf,F)

U, = 6%11 sin(wt — ) wt € [E,2) (29)
%Umcos( t—4) wtelf, 51—7;)

9 6
Z%Umsm( wt—1) wte [,

@I
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According to Equation (29), the effective value of the primary winding voltage Uy of

the DSPAR-PTC satisfies the following:

1 27
Uy rms = W = 0.069Uy4 (30)

According to the relationship between the primary and secondary windings of the
DSPAR-PTC, combined with Equations (2) and (30), the effective values of voltages Uy,
Usp, Up1, and Up, can be derived to satisfy, respectively, the following:

usl_rms = us2_rms = pux_rms = O'Ollud (31)
uplfrms = Upirms = mux_rms =0.742U4 (32)
The currents is; and i satisfy the following:
0 wte [0, %)
i = Iy wte[Z,Z)U[E, %) (33)
wirls wie(3,%)
I wte [0, {5)U[F, %)
0 wte[%,%)
The parallel branch currents i1 and iy, satisfy the following:
0 wt e [0, Z)U3E, %)
=1 (35)
- 21 5
2m—2pp+1 Iy wt € [T, 35)
0 wte[0,f5)UI[5,5)
=1 (36)
2m72;§7+1 Iq wt €[5, 5)

Based on Equations (17), (18) and (33)—(36), and the definition of effective value, the

effective values of igy, iqo, is1, is2, ip1, and ipp satisfy the following:

1 27T
— /0 2 dwt = 0.58414 37)

Idl_rrns = IdZ_rms =

1 27t »
Is1 rms = Is2_rms = %./O lsldCUtZ 0.714 (38)

1 27 )
Ipt_rms = Ip2_rms = [ 5 /0 zfﬂdwt =0.01214 (39)
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Therefore, the capacity of the DSPAR-PTC satisfies the following:

P DSPAR-PTC — %[%ux_rms(ldlfrms + Idzfrms) + Usl_rms Isl_rms+
(40)

usl_rms IsZ_rms + upl_rms Ipl_rms + up2_rms Ip2_rms]: 3.7% P, d
It can be concluded from the above analysis that the capacity of the DSPAR-PTC is

quite small, accounting for only 3.7% of the rated power. Therefore, the scheme proposed
in this paper is suitable for high-power applications.

5. Loss Analysis

Taking the 50 kW output power considered in the manuscript as an example, and
based on [20] and the parameters listed in Table 1, the transformer losses are evaluated
as follows.

Table 1. Parameters for calculating transformer losses.

Power Electroni Conventional
Parameters ower Bectronic Phase-Shifting
Transformer
Transformer
Copper resistivity, ((2-m) 23 x 1078
Copper current density, | 28
(A/mm?) ’
Material coefficient, ke 3552 x 104 1.15 x 103
Flux-density exponent, « 2.173 3.10
Frequency exponent, 3 1.285 1.339
AC/DC resistance 1.05 1.03

coefficient, K

The core loss and copper loss of the transformers can be expressed as follows:
Pre = mckeBEfF (41)

Peu = Y JpcuLmiKiNi i (42)

where mc, ke, Bm, &, fT, and B denote the transformer core mass, material coefficient, maxi-
mum flux density, flux-density exponent, operating frequency, and frequency exponent,
respectively. In addition, J, pcy, L, Ki, Nj, and [; represent the current density, copper
resistivity, mean turn length of the ith winding, AC/DC resistance coefficient, number of
turns of the ith winding, and RMS current of the ith winding, respectively.

According to (41) and (42), using the parameters listed in Table 1, the total loss of
the 50 kW power electronic transformer, with a maximum flux density of 1.25 T and
an operating frequency of 500 Hz, is approximately 611 W. In comparison, the power-
frequency isolated phase-shifting transformer used in the conventional 36-pulse rectifier,
with a maximum flux density of 1.4 T and an operating frequency of 50 Hz, has a total loss
of approximately 700 W. The loss of the DSPAR-PTC is approximately 386 W, while the loss
of the 36-pulse rectifier IPR is approximately 477 W.

According to [20], the diode loss can be expressed as follows:

1 17
Poiode = 7 || (Vila + 12Ra)d0 = Vil + LR ®3)
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where V; denotes the forward voltage drop of the diode and represents its equivalent
on-state resistance. Based on the parameters of the experimental prototype and (43), the
diode loss of the proposed 36-pulse rectifier based on the power electronic transformer is
calculated to be approximately 623 W, whereas that of the conventional 36-pulse rectifier is
approximately 550 W.

Using the same device-loss calculation method, the IGBT losses can also be evaluated.
The total IGBT loss mainly consists of conduction loss and switching loss, which can be
expressed as follows:

Pigr = Peond + Psw = Uck X IC_avg +7CE X I(zj_rms + (Eon + Eoff) X fsw (44)

The calculated total IGBT loss is approximately 703 W. Based on the above analysis,
under the operating conditions of the experimental prototype, the total loss of the proposed
36-pulse rectifier based on the power electronic transformer is approximately 2.32 kW,
whereas that of the conventional 36-pulse rectifier is approximately 1.73 kW. The increase in
total loss is mainly attributed to the additional IGBT losses introduced by the DSPAR-PTC.
Although the proposed rectifier incurs a certain increase in power loss, the modulation
capability of the IGBTs effectively reduces the size and weight of the phase-shifting trans-
former, thereby providing a favorable tradeoff between power loss and transformer volume
and weight.

6. Hardware-in-the-Loop Platform Verification

To verify the correctness of the above theoretical analysis and the pulse-multiplication
effect of the DSPAR-PTC, real-time hardware-in-the-loop (HIL) tests are conducted using
the StarSim HIL platform developed by Modeling Tech. The topology adopted for the
HIL test is shown in Figure 1, where the proposed 36-pulse rectifier is employed as the
front-end stage and an LLC DC/DC converter is used as the downstream stage. The main
parameters of the HIL simulation model are listed in Table 2.

Table 2. Main parameters of the simulation model.

Parameter Value
Input Phase Voltage RMS (V) 220
Input Voltage Frequency (Hz) 50
Switching Frequency of AC/AC Converter (Hz) 500
Rated Output Voltage of the Proposed Rectifier (V) 1000
Rated Output Current of the Proposed Rectifier (A) 50
Turns Ratio p of DSPAR-PTC 0.163
Turns Ratio m of DSPAR-PTC 10.75
Output Voltage of the LLC DC/DC Converter in the 800
Downstream Stage (V)
Switching Frequency of the LLC DC/DC Converter (kHz) 50
Series Inductance (uH) 26.4
Resonant Capacitor (nF) 375
Battery Rated Voltage (V) 800
Rated Capacity (Ah) 125
Rated Energy Capacity (kWh) 100
Proposed Rectifier Output Filter Inductor Ly (mH) 25
Proposed Rectifier Output Filter Capacitor Cy4 (1F) 470

In the HIL test system, the DSP controller is implemented using a TMS320F28335,
while the power-stage model, including the input- and output-side electrical characteristics,
is executed in real time on the MT6020 platform using StarSim HIL. The DSP controller
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and the MT6020 exchange control and feedback signals in real time, thereby forming a
closed-loop HIL test system.

To verify the pulse multiplication effect of the DSPAR-PTC, Figure 9 illustrates the
input current and its spectrum of the rectifier before and after the DSPAR-PTC is connected
to the DC side.

BT ;\3]00
Y
= 80
=
' + + =
z | o ek 5 60
S { ~ £ THD=11.82%
< ] . 2 40
Ly Er =
ks 1th13th &
220 4 T 23th ,231114“([ R
S i \j oot “717th491h
; gl I Ll i LA . i
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(a) Input Current 7, before adopting DSPAR-PTC (b) Spectrum of i, before adopting DSPAR-PTC
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(c) Input Current 7, after adopting DSPAR-PTC (d) Spectrum of i, after adopting DSPAR-PTC

Figure 9. Input current and its spectrum of the rectifier.

As shown in Figure 9a, before the adoption of the DSPAR-PTC, the rectifier operates
as a conventional 12-pulse rectifier, where the input current is a 12-step waveform and the
THD of the input current is 11.82%. As shown in Figure 9b, after adopting the DSPAR-PTC,
the number of steps of the rectifier input current increases from 12 to 36, and the THD
of the input current is reduced from 11.82% to 3.68%. Due to the filtering effect of the
transformer leakage inductance, the THD of the input current (3.68%) is slightly lower than
the theoretical value (5.04%).

The main current waveforms of the DSPAR-PTC are shown in Figure 10.

s DJJ ] ﬂ_ﬂj‘j ] m s
=t [ [ S
3
LI LA g
2ms/div 2ms/div
(a) Waveform of i, (b) Waveform of i

Figure 10. Main current waveforms of DSPAR-PTC.

As illustrated in Figure 10a, the total output current i, of the parallel unit is a square-
wave current with a frequency of 600 Hz and an amplitude of 1.5 A, which accounts for only
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3% of the load current. This result is consistent with the theoretical analysis in Figure 6a.

Figure 10b shows the total output current i.

Since the sum of i and i, equals the load

current, the ripple amplitude of i; is relatively small, which is in good agreement with the

theoretical analysis presented in Figure 6b.

Figure 11 shows the main current and voltage waveforms of the rectifier.

10A/div
10A/div

2ms/div
(a) Waveform of /y;

2ms/div
(b) Waveform of iy

...... g

TN N N N T T Y

. 200V/div
200V/div

2ms/div
(c) Waveform of g,

2ms/div
(d) Wavetorm of uy

Figure 11. Main current and voltage waveforms of the rectifier.

Figure 11a presents the output current igq; of rectifier bridge REC1, which is modulated
into a four-level DC current with a frequency of 300 Hz, consistent with the theoretical
analysis in Figure 6c¢. Figure 11c illustrates the output voltage u4; of rectifier bridge REC1,
which is modulated into a four-level DC voltage at 300 Hz, and agrees well with the
theoretical analysis in Figure 6e. It can be observed from Figure 11b,d that the ripples of
the rectifier output current iy and output voltage 14 are small, and the power quality is

greatly improved.

To clarify the harmonic suppression performance of the proposed rectifier under
different load conditions, the input current THD is tested at load currents of 10 A, 20 A,
30 A, 40 A, and 50 A, respectively. The curve of the input current THD of the proposed
rectifier varying with the load is shown in Figure 12.

16
M
.

—
N

—_
[\

—®—  Without DSPAR-PTC
—o—With DSPAR-PTC Adopted | |

e}

Input current THD(%)
S

o)}

—

N

10 20 30 40 50
Output Current(A)

Figure 12. Curve of input current THD versus load.
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As shown in Figure 12, the input current THD of the proposed rectifier remains below
5.04% over a wide load variation range, indicating that the rectifier maintains excellent
harmonic suppression performance within a broad variation range of load current.

7. Conclusions

To reduce the volume, weight, and input current harmonics of the front-end rectifier
for high-power electric vehicle chargers, this paper proposes a novel 36-pulse rectifier
integrating a medium-frequency power electronic transformer and a DSPAR-PTC. The
operating modes of the proposed DSPAR-PTC and the working principle of the medium-
frequency power electronic transformer are analyzed. The optimal turns ratio of the DSPAR-
PTC is derived under the minimum THD of the input current and minimum output voltage
ripple. The analysis results show that when the optimal turns ratio is adopted for the
DSPAR-PTC, the input current THD is reduced to one-third of its original value, decreasing
from 11.82% to 3.68%. The input current harmonics can be effectively suppressed, and the
equivalent capacity of the DSPAR-PTC is only 3.7% of the output power. The proposed
DSPAR-PTC scheme features simple circuit structure, low cost, easy implementation, and
high reliability, and possesses a good engineering application prospect.
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Nomenclature

Symbol Units Definition

N turns Primary winding turns of the phase-shifting transformer

Nj turns Secondary winding turns of the phase-shifting transformer
Sadio Switching function of the uncontrolled rectifier bridge
SAIGBT Switching function of the full-bridge inverter circuit

Sw Overall switching function of the power electronic converter

Control signals of the opposite switching devices in the
Svi full-bridge
inverter circuit

Sais Spis Sci Switching function of the three-phase rectifier bridge

Uz \% Phase-A input voltage

Uapri \% Output voltage of the power electronic transformer

p,m turns Turns ratio of the interphase reactor

Usi, Upi, Ux \% Winding voltage of the interphase reactor

Isi, ipi, ix A Current flowing through the winding of the interphase reactor
fais Ipi, Ici A Input currents of the three-phase rectifier bridges
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iq1, iqo A Output current of the three-phase rectifier bridge
Ug1, Ugp \% Output voltage of the three-phase rectifier bridge
ig A Output current of the rectifier

uq \% Output voltage of the rectifier

ia A Input current of the rectifier
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