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A Novel Transformer Winding Design Strategy
for Efficiency Improvement and Harmonic Sup-
pression in Industrial Power System

Qianyi Liu, Fang Liu, Yi Yang, Yanjian Peng, Kang-Zhi Liu, and Ao Wang

Abstract—Large-power industrial power supply system
is generally recognized as high energy-consuming, while
the rectifier transformer is the key for efficiency promo-
tion. This article proposes a novel transformer winding
design strategy with the aims of harmonic elimination and
loss reduction. By means of the innovative impedance
matching design, the harmonic magnetic potential
self-balance between the secondary windings is realized
for harmonic suppression. Considering the impedance
constraint and the margin of structural parameters, the
method of resistance loss reduction is explored for the
proposed transformer by optimizing the dimension pa-
rameters. The transformer-filter combination is first
modeled to reveal the filtering principle and obtain the
impedance precondition. Then, the transformer efficiency
is optimized within the constraints. At last, the trans-
former prototype together with the power supply system
is tested. The experimental results show that the trans-
former efficiency can be improved by 0.81%, and the
current total harmonic distortion at primary side is
dropped by 50%.

Index Terms—Power quality, industrial power system,
rectifier transformer, efficiency improvement.
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I. INTRODUCTION

Large—power rectifier system is widely applied in the
electrolytic chemical industry, while such industrial
power supply system is characterized with high current,
which is typically up to thousands or even ten thousands
of amperes [1]—-[5]. The well-proven diode or thyristor
has reliable and cost-effective performance, in turn, its
nonlinearity leads to considerable harmonic issues on
the industrial power supply system. The harmonic cur-
rent determines the increasing losses of the power ap-
paratus.

The authors made an on-site efficiency test of the
industrial power supply system in an electrolytic man-
ganese factory. Its power supply system consists of 5
rectifier units, and the transformer capacity for each unit
is 6 MVA. The current at AC side of rectifier is as fairly
high as 5 kA with serious harmonic distortion. Table I
and Fig. 1 show the measuring results of the corre-
sponding rectifier units. It can be concluded that the low
rectifier transformer efficiency becomes the key factor
affecting the whole operating efficiency (7). The aver-
age transformer efficiency for the five units is only
95.26%. The excessive loss may lead to hot spots on the
core surfaces of the rectifier transformer and result in
deterioration of the core insulation and degradation of
the insulating oil [6]—[8]. Also, the rectifier transformer
always requires additional capacity when operating in
harmonic environment, which causes unnecessary
waste [9]. It is of significance to implement harmonic
suppression and improve transformer efficiency in the
high energy-consuming industry.
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Fig. 1. Composition of the loss in the rectifier units.
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TABLEI
MEASURED EFFICIENCY OF A RECTIFIER SYSTEM
Unit Trapsformer Rectifier Unit
efficiency (%) efficiency (%) efficiency (%)
#1 94.52 99.05 93.63
#2 95.72 98.92 94.69
#3 95.17 98.97 94.19
#4 94.35 99.00 93.41
#5 96.56 98.98 95.58

In effect, the transformer losses can be classified as
[10].

1) The I°R loss (R refers to the winding resistance),
which is mainly influenced by the flowing current;

2) The winding eddy current loss, which is propor-
tional to the square of the frequency (related to the
harmonic currents) and may cause abnormal winding
temperature rise;

3) Other stray losses in the core, clamps, and other
structural parts.

Therefore, the low-loss improvement can be realized
by reducing the winding resistance or eliminating the
undesirable current [11]-[18]. Reference [11] adopts
the amorphous wound core combined with a
grain-oriented silicon steel stacked core to realize the
lower iron loss in a larger capacity transformer. A novel
transformer featured with low noise and low loss prop-
erties is developed by the application of the grooved
silicon steel [12]. As for harmonic suppression, refer-
ence [13] utilizes the existing tertiary winding of the
transformer to construct a tuned low-impedance path for
the harmonic currents, but its performance is limited by
the winding impedance. A winding tap injection method
is proposed in [14], which can make full use of the spare
capacity of the transformer and obtain a flexible con-
nection voltage for the compensator. Moreover, the
round-shaped transformer proposed in [15] and [16] is
effective to reduce harmonic content with potential
advantages in weight and dimension. Based on the
principle of harmonic magnetic potential self-balance,
references [17] and [18] propose the inductive filtering
method to solve the difficulty of harmonic suppression
in high-current application.

However, few literatures involve the optimization of
structural dimension to improve transformer efficiency,
especially for the inductive filtering transformer with
special requirement of impedance-matching. In light of
this, the article proposes a novel winding design strat-
egy for the multi-winding rectifier transformer applied
in the 12-pluse rectifier system, with the purpose of
harmonic suppression and loss reduction. Its suitable
application is the large-power rectifier system with high
current. This work tries to solve the following ques-
tions.

1) What is the filtering principle of the special
transformer-filter combination?

2) How to get the precondition of low-loss design for
the multi-winding transformer?

3) How to determine the design margin of the trans-
former?

4) Considering the constraint of precondition, how to
realize the efficiency improvement?

This paper is organized as follows. The description of
the transformer together with the industrial power supply
system is introduced in Section II. In Section III, the
transformer model is established. In Section IV, the effi-
ciency optimization is explored. Moreover, Section V
gives the test results. At last, Section VI is the conclusion.

II. DESCRIPTION

A. Transformer

The structure model of the multi-winding rectifier
transformer is shown in Fig. 2. It can be obviously
known that it is a three-phase four-winding transformer.
The windings from inside to outside are arranged as
load winding (W3), load winding (W4), filtering
winding (W2), and primary winding (W1). According
to the basic principle for implementing inductive har-
monic suppression [15], the equivalent impedance of
W2 should satisfy zero-impedance design, so that the
magnetic potential balance can be realized at the har-
monic domain. The special impedance design requires
the middle arrangement of W2.

Primary winding (W 1)
Filtering winding (W2)

Load winding (W3)
Load winding (W4)

Fig. 2. Model of the multi-winding rectifier transformer.

B. Power Supply System

An industrial power supply system based on the
multi-winding rectifier transformer is constructed as
shown in Fig. 3. The primary winding is connected to
the power grid with star wiring, while the two load
windings adopt Y-connection and A-connection to form
the phase difference of 30°. The filtering winding di-
rectly accesses to the filter set. The low-loss improve-
ment of the industrial power supply system is imple-
mented in the following two ways.

1) By means of the inductive filtering method, the
flowing path of the undesired currents in the trans-
former can be considerably shortened, while the elec-
tromagnetic environment inside the transformer is im-
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proved and the negative effects of harmful components
on the transformer are also mitigated.

2) By means of the proposed structural optimization
method, the transformer loss is further reduced. The
optimal transformer efficiency can be searched and
determined in the acceptable range of approximative
zero-impedance.
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Fig. 3. Proposed industrial supply system. (a) Topology. (b) Wir-
ing scheme.

III. MODELLING

A. Precondition

According to the circuit model shown in Fig. 4, the
voltage of each transformer winding can be expressed
as (1).

Fig. 4. Circuit model of the industrial power supply system.

U=-E+I(joL +R)+1,joM,, +
LjoM, +1,joM,
U,=-E+1joM, +1,(joL, +R,)+
13jC()M23 +14j0)M24
U,=-E+1joM,, +1,joM,, +
L(joL, +R)+1,joM,,
U,=—E+1joM, +1,joM,, +
LjoM, +1,(joL, +R,)
where / (x=1,2,3,4), which has been converted to

primary side, is the current flowing through the winding;
U.(x=1,2,3,4) is the voltage across the corresponding

(M

winding; E is the induced electromotive force; L, — L, and
R —R, are the leakage self-inductance and internal re-

sistance of each winding; w is the circular frequency;
M is the mutual inductance between winding x and

winding y (x,y=1,2,3,4), andM =M .
Based on the relationship of ampere-turns balance

and the basic principle of circuit, the following equa-
tions hold.

L+L+1+1,=0 2)
U =Us 12y,
U,=-1,Z;
U
L=1,-—> 3)
Zis
U
L=I,-—*+
L4

where Uy is the grid voltage included harmonic com-
ponents; Z,,, is grid impedance; Z; is the equivalent
impedance of passive filter; /;, and Z,,, [,, and Z,

are the Norton equivalent of the power load.

Combined with (1) and (2), we can obtain the voltage
relationship between each winding as shown in (4), where
the short-circuit resistance between winding x and winding
yis defined as R, =R, + R, the short-circuit inductance
s X, =ao(L,+L,—M_ —M); the short-circuit im-
pedance is thus expressed as Z, =R, +]X, ; Z, is
the equivalent leakage impedance, Z, . =(Z,,, +Z,. —
Z)/2,and Z, =7, (x,y,2=1,2,3,4).

Combined with (2), (3) and (4.2), we can obtain the
grid-side current expressed by the current source or
voltage source, as shown in (5). To realize the har-
monic-free environment at primary side, the numerator
of (5) should be zero.
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U,-U=L[R+R)+jo(L,+L,-M, —M,)]+

ZklZ
LR +jo(L +M,,—M, —M;)]+

Zins
LR +jo(L + My, —M, —M,,)]

Z124
U,-U =L[R +jo(Li+M,,—M, —M,,)]+

Zl32
LIR+R)+jo(L +L,—M, —M,;)]+

Z13
LR, +jw(L1 + My, - M, _M14)]

Z|34
U,-U =L[R+jo(L,+M,-M, —M,)]+

Zig
LIR+jo(Li+M,;—M, —M;)]+

Zl43
LIR+R)+jo(L,+L,-M, -M,,)]

Zk14

(4.1)
U -U,=1[(R,+R)+]jo(L,+L —M, —M,)]+

ZkZl
LR +jo(L,+M,—M,,—M,,)]+
ZZI}
LR, +jo(L,+M,,—M,,—M,,)]

ZZI4

U,-U,=L[R, +jo(L,+ My, — M, —M;,)]+

ZZ]I
LIR,+R)+jo(L,+L,—M,, —M,,)]+

Z23
LR, +jo(L, + My, —M,, —M;,)]

2534
U,-U,=1[R, +jo(L,+M, —M, —M,)]+

g
LR +jo(L,+ M, —-M,,—M,,)]+

Zos3
LR, +R)+jo(L,+L,—M, —M,,)]

U-U,=1[(R+R)+jo(L,+L —M, —M)]+

Zi31
LR +jo(L,+ M, —M,, —M,;)]+

Z..HZ
LR +jo(Ly + M, — M, — M5)]

Z314
U,-U,=1[R,+]jo(L, + M, — M, —M )]+

ZSZI
LR +R)+jo(L,+L, —M,, —M,,)]+

k32

z
LR +jo(Ly + My, — M, —M,;)]

Z3
U,-U,=L[R;+jo(Ly+ M, — M, —M,;)]+

Z3y
LR +]jo(L,+ M, — M, —M )]+
Zy
LI(R,+R)+jo(L,+L,-M,,—M,,)]
Zysa

4.3)
U-U,=[R,+R)+]jo(L,+L -M, -M )]+

Zyyy
LR, +jo(L,+M,-M,,—M,)]+

Zs12
LR +jo(L,+M,—M,—-M,)]

Zyi3
U,-U,=L[R,+jo(L, + M, —M, —M,,)]+

Zy)
Iz[(R4 +Rz)+jw(L4 +Lz _M42 _M24)]+

Zya
LR, +jo(L,+ My —M,; —M,,)]

Zips
U,-U,=1[R, +jo(L,+M, —M, -M, )]+

Z431

LR, +jo(L,+ My, —M, —M,,)]+

Zyz
13[(R4 +R3)+jw(L4 +L3 _M43 _M34)]

Zyo4 Zyas
4.2) 4.4)
[Zk23Zk24 _22234 +ZL3ZL4 +ZLSZk24 +ZL4Zk23 +Zf (ZL3 +ZL4 +Zk23 +Zk24 _22234 )]Us +
[ZL32214ZZ34 _ZZI3ZL3 (ZL4 +Zk24 )+ZfZL3 (2214 +Zz34 _2213 _ZL4 _Zk24 )]ILS +
[ZL4ZZI3ZZ34 _ZZI4ZL4 (ZL3 +Zk23 )+ZfZL4 (2213 +Zzs4 _2214 _ZL3 _Zk23 )]1L4 (5)

1

(Zk21 +Zgrid )(Zk23Zk24 _22234 +ZL3ZL4 +ZL3Zk24 +ZL4Zk23 )+2Z213ZZI4ZZ34 _ZZ2|3 (Zk24 +ZL4)_ZZZI4 (Zk23 +ZL3)+

Zf[(ZkZI +Zgrid )(ZL3 +ZL4 +Zk23 +Zk24 _22234)+Zk23Zk24 +ZL3ZL4 _22213 _22214 _22234 +

222132214 +222132234 +2Z2I4ZZ34 _2Z2I3ZL4 _222]4ZL3

For current source part at harmonic domain, there are:
1) The equivalent impedance of passive filter should
be zero at the tuned harmonic frequency, i.e., Z; =0.

2) The rest parts of Z,,[Z,, 2y, = Z,5(Z 4 + Zi4)]
and Z ,[Z,,2,,, —Z,,(Z;+Z,,;)] should be zero, and
Z,, and Z;, are unequal to zero. As a result, it is re-
quired that Z,,=2,,,=0.

The above impedance constraints together constitute

_2Z2I3Zk24 _222|4Zk23 +ZL3Zk24 +ZL4Zk23]

the inductive filtering preconditions.
For voltage source part at harmonic domain, the
equation (5) can be simplified as follows using the de-
duced impedance constraints.
o Us
Zo,+2Z

k12 grid

(6)

It can be found that a large value of Z,,, is beneficial

to suppress the harmonics from the upstream.
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B. Simplified Circuit

Furthermore, based on the obtained (4), the imped-
ance relationship between each winding can be deduced
as follows:

Ix:UX_U}’_,r_Ux_Uz +Ux_Uw (7)
Z V4 V4

xy xz xw

where the expressions of Z_,Z _and Z , (x,y,z, w=1,
2, 3, 4) can be referred to (8).

®)

According to (7), we can obtain the equivalent circuit
of the four-winding transformer as shown in Fig. 5,
which is simplified to a quadrilateral circuit.

Fig. 5. Equivalent circuit of the transformer-filter combination.

Considering the impedance constraints of transformer
winding, equation (8) and Fig. 4 can be simplified as (9)
and Fig. 6.

Z,=2,=2,,
423
Ly=1y=o©
7 =7 = Zk23Zk24 _22234 (9)
24 =Ly = 7
324
Z,=Z,=©
Zy =2, = %4_22234
234

le — 221 — Zk21 (Zk23Zk24 — 222342) + 2213 (22142234 — ZZI3Zk24) + 2214 (22132234 — ZZI4Zk23)
(Zk23Zkz4 _22234) + (22342214 - ZZI4Zk23 )+ (22342213 - ZZI3ZkZ4)
Z,=7Z, = Zys (Zk23Zk24 — Zz34)2+ Zy; (22142234 — 2513224 )+ Zyy, (22132234 — 2214Zk23)
(Zk12Zk14 _22124) + (21242134 - Zl34Zk12 ) + (Z|24Zm - ZlZ3Zk14)
Z,=27, = Zys (Zk23Zk24 — 2234 )2"" ZZ]3 (22142234 - Z2I3Zk24) +Zy, (22132234 — Zzl4Zk23)
(ZkIZZkl3 _22123) + (Z1232134 - Zl34Zk12) + (21232124 - le4Zk13)
223 — 232 — Zk21 (Zk232k24 — Zz342) + 2213 (22142234 — ZZISZk24) + Zzl4 (22132234 — ZZI4Zk23)
(ZkZIZk24 _22214) + (Zz14Zzs4 - ZZ34Zk21) + (22142213 - ZZISZk24)
Z,=Z,= Zys (Zk23Zk24 - 22342) +Zy; (22142234 - ZZIBZk24) +Zy, (22132234 — Z214Zk23)
(ZkZIZk23 _22213) + (22132234 - ZZ34Zk2] ) + (22132214 - ZZ]4Zk23)
234 _ Z43 _ Zys (Zk23Zk24 — 22342) + 2213 (22142234 — ZmZk24) +Zy, (Z2132234 — ZQI4Zk23)
(Zk3ZZk31 - Z312) + (23122314 - Z314Zk3z) + (Z3122324 - Z324Zk31)

| - L2 -

—— Z, > Zy,
I, ] '
> Zy i
, 2 , :

{ LU, U, LU,

\/ A \4 v
. : .

Fig. 6. Equivalent circuit considering the impedance constraints.

Figure 6 shows the simplified equivalent circuit with
the consideration of impedance constraints. The direct
connection between the primary winding (point 1) and
load winding (points 3 or 4) is cut off. It can be sum-
marized from the circuit model that:

1) For the harmonic current source from the power
load, the flowing path turns to be 3—2—G or 4—-2—G,
which means that the harmonic components are isolated,
and eliminated by the transformer-filter integrated sys-
tem. Hardly any harmonics are existed at the primary
side of the transformer.

2) For the harmonic voltage source from the power
grid, its flowing path is blocked by the grid impedance
and Zi», as verified by (6), so that it almost has no im-
pact on the power load, and the power quality of the
power supply system is improved.

In conclusion, the transformer-filter integrated sys-
tem owns excellent bi-directional harmonic-suppression
ability, and realizes the harmonic isolation of upstream
and downstream, so that the flowing path of harmonic is
shortened. It is noted that the circuit model in Fig. 5 can
be further simplified by means of A—Y conversion if
necessary.
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IV. EXPLORATION & OPTIMIZATION

This section mainly involves how to realize the ze-
ro-impedance design and the loss reduction in the per-
missible design range.

A. Impedance Calculation

As discussed in the previous section, the precondition of
harmonic elimination includes the dual zero-impedance
design of transformer winding, and it can be calculated by
the short-circuit impedance as follows:

L3 =(Zyy + 2y = Zy3)/ 2 (10)
2y =z + 2y —Z,4,)/2 (11

The short-circuit impedance between any two trans-
former windings is strongly associated with the struc-
tural parameters of the transformer. Figure 7 gives the
winding structure. In Fig.7, # is core radius; 7,7, ,

r, and 7, are the center distance between core and
winding; ,, , #,, and 1, are the center distance between
core and air gap; q, , a, , a, and g, are the winding
thickness; a, , a,, , a,, and a,, are the insulation distance

(air gap) between core and winding, or any two wind-
ings; h_ is the height of the transformer winding.

CT PPt ——r—>
‘ Qo | @y L Gy ody Ly L@ Ly L

o
=}

Iron core
Load winding
(W3)

Load winding
(W4)
Filtering winding
(W2)
Primary windin,
(WI)
=

| S

\

Fig. 7. Winding arrangement of the multi-winding transformer.

The above-mentioned center distances can be calcu-
lated by:
K=rK+a,+a/2
By =Ty +a +ay +ay, /2
rn=r+a,+a,+a,+a,/2
T, =h+a,+a,+a,+a,+a,/2 (12)
n=r+a,+a,+a,+a,+a,+a,/2

=k +a,+a,+a,+a,+a,+a,+a, /2

n=r+a,+a,+a,+a,+a,+a,+a, +a/2

Furthermore, the imaginary part of short-circuit im-
pedance between any two windings can be obtained by
[19]:

_49.6fu,NIY D Kp,

Ko H e x10°
where f'is the fundamental frequency; / and N are the
rated current and turns of primary winding; g, is ab-

(13)

solute permeability, and z, =4nx10" H/m; P, 1s the
Rogowski coefficient between W, and W ; K is addi-
tional reactance coefficient; Zny is the magnetic flux
leakage area between W, and W, ; ¢, is the electric
potential of each turn; A is arithmetic mean height of
W, and Wy.

Rogowski coefficient is closely related to the struc-
tural parameters, which can be calculated by:

P _l_az+azl+a1
, = =2 2l 1
: nH ,
(14)
P _1_a4+a42+a2+a21+a1
14 =
71:[_[14
P _l_cz4+a42+a2
24 —
TEH24
P _1_a3+a34+a4+a42+a2
23 T
nH ,,
P _1_a3+a34+a4+a42+a2+a2,+al
13~
nH,,

The expression of magnetic flux leakage area used in
(13) is:

1
ZDIZ = g(azrz +arn)+ayn,

1
Z:D13 :§(a3r3 +an)+(a, +a, +a, +a, +a,)x

a, +a34+a4+a42+a2+a21)
2

1
ZDM :g(a4r;l tan)+(a,+a,+a,)x

(ry+

a,+a,+a,+a, (15)
2

ZD23 :%(azr2 +a,n)+(ay, +a, +a,)x

a,+a,, +a,+a,

B — )

1
ZDM = E(azrz +ayn)+a,rn,

(r,+ )

(r+

At this point, the equations used for the impedance
calculation are all deduced in (10)—(15). The precondi-
tion of impedance matching can be easily reached by
means of proper design of the transformer. In other
word, once the main design parameters (rated capacity
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or rated voltage) of the transformer are determined, the
air gap becomes the only adjustable variable, as the
structural parameters listed in Table II. Inspired by this,
a low-loss improvement method is developed under the
constraints of dual zero-impedance.

TABLE I
STRUCTURAL PARAMETERS OF TRANSFORMER
Item Value Item Value
7 45 mm a, *
[ 5 mm a, 23 mm
a, 6.5 mm a,, *
ay, * a, 8 mm
a, 6.5 mm e 100//3 32V
h 172 mm h, 170 mm
hy 170 mm h, 173 mm

Note: * indicates the variable.

B. Design Margin

Figure 8 shows the surface of dual zero-impedance
(i.e., equations (10) and (11)), which uses the distances
of air gap as the variables (a,,-a,,-a,,). The upper sur-
face is X,,,, and the lower one is X, ;. The variation
range for the distances of air gap is [0, 60 mm], while it
seems large for a practical transformer (a wide air gap
results in the increase of materials and costs); however,
it is convenient for us to observe the trend of the two
surfaces. It can be clearly found that there is no crossing
line between the two surfaces, which means that it is
hardly to realize dual absolute zero-impedance in the
wide range. To solve this issue, the approximative im-
pedance design is presented here. The definitions are
given as follows:

1) Absolute zero-impedance: it is strictly satisfied
that X,,, =0.0% and X,,, =0.0% . The design margin
is shown in Fig. 8.

2) Approximative zero-impedance: the equivalent im-
pedances of X, and X,,, are allowed within a small

range, so that the crossing region can be created. The var-
iation in the small range will not affect the filtering per-
formance. The design margins are shown in Figs. 9—10.

50 X514 =0.0%

ay, (mm)

0 20

2
% (mm) 0 ayn (mm)

Fig. 8. Surfaces of dual absolute zero-impedance.

60 ‘
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i impedance area | G
—~ 40P
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E
g 20
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&0 Approximative zero
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5 / X,4=0.1%
wWEE——+ , ==
£ S ==ciceee
£ 30 =
e
20 = —0.1%
10 region ;
LT L e
0 10 20 30 40 50 60

a,, (mm)

(b)

Fig. 9. Surface of dual approximative zero-impedance area with
range [-0.1%, 0.1%]. (a) Space using a,,-a,,-a,, as variables.
(b) Plane using a,,-a,, as variables.

60
50
40

Approximative zero
impedance area

a,, (mm)

a,, (mm)

Fig. 10. Surface of dual approximative zero-impedance area
with range [-0.5%, 0.5%]. (a) Space using a,,-a,,-a,, as varia-
bles. (b) Plane using a,,-a,, as variables.
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Figure 9 gives an example of approximative ze-
ro-impedance. The variation range is set as [~0.1%,
0.1%]. The purple dots that meet the approximative ze-
ro-impedance are generated by means of Monte Carlo
method in Fig. 9(a). It is shown that all the feasible points
are located in the region surrounded by upper surface
(X5, =-0.1%) and lower surface (X,,=0.1%). The

acceptable region for the distances of air gap is defined as
[5 mm, 25 mm], which is marked in Fig. 9(b). However,
no feasible point exists in the acceptable region in this
case.

Given this, the variation range of approximative ze-
ro-impedance is enlarged in Fig. 10. Orange dots rep-
resent the feasible point in the acceptable region of air
gap. The acceptable region is a cube sectioned by the
lower surface (X,,, =—0.5%). The transformer opti-

mization will be explored in the range of acceptable
structural parameter.

C. Optimization

The derivation process of the transformer loss and
efficiency is given in Appendix A. The optimization
objective is to maximize the transformer efficiency,
with optimization strategy shown as (16). It is noted that
the acceptable region is set in [Smm, 25mm)], the same
as mentioned before.

The optimization result is shown in Fig. 11, in which
load factor £ is used as variable with the step size of

0.1. Specifically, the corresponding parameters (struc-
tural parameter, equivalent impedance and efficiency)
are also listed in Table III. It can be concluded from the
results that:

1) With the extension of impedance constraint do-
main, the transformer efficiency is also increased, while
the filtering performance is slightly degraded inevita-
bly;

2) Due to the restriction of structural parameters,
there is little difference of optimization results between
Case 3 and Case 4;

3) Compared with Case 1, the efficiency of Case 4 is
improved by 0.5% (£=0.3).

In sum, there must be a trade off to balance filtering
performance and transformer efficiency.

obj. max{n(a34’a42’a21)}

Case :—02< X,,<02&-02<X,, <02
Case2:-03< X,, <03&-03<X,,<03
Case 3:-0.4 < X,, <0.4 &-0.4< X,, <0.4(16)
stiCase4:-0.5< X,,<05&-05<X,,<0.5

< <

amin =~ a34 =~ amax
< <

amin —~ a42 =~ amax

a <a <

‘min

X dy X a, ..

97

1 (%)
o]
=

Fig. 11. Optimized efficiency.

TABLEIII
OPTIMIZATION RESULTS
% % % %
Case a,, (mm) a,, (mm) a,, (mm) X5 (%) X, (%) (,Bni (;)3) (,g=( 5.)5) (1377=( 6).)7) (ﬂn:( 8')9)
1 5.00 10.67 25.00 -0.0360 -0.2000 95.77 95.74 95.15 94.38
2 5.00 5.00 17.87 -0.1697 -0.3000 95.98 95.95 95.37 94.63
3 5.00 5.00 6.29 -0.3163 -0.4000 96.16 96.12 95.56 94.84
4 5.00 5.00 5.00 -0.3296 -0.4082 96.27 96.14 95.58 94.87

V. VERIFICATION TEST

A down-scaled experimental platform of the indus-
trial power supply system based on the transformer
prototype is established. The transformer prototype is
produced according to the parameters of Case 3, whose
picture is shown in Fig. 12. Simulation validation for
different cases, and experimental tests for filtering
performance and transformer loss are all designed to
verify the theoretical analysis. Tables IV gives the re-
lated parameters of the prototype.

Fig. 12.

Transformer prototype.
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TABLEIV
DESIGN PARAMETERS OF TRANSFORMER
Primary  Filtering Load Load
Parameter winding winding winding winding
(W1 (W2) (W3) (W4)
Wiring scheme Y A Y A
Rated voltage (V) 220 220 100//3 100
Rated capacity
(KVA) 20 10 10 10
Number of turns 122 122 32 55
Equivalent im- X -0.31%
pedance (%) X, ~0.40%

A. Simulation: Verification of Cases

Given the difficulty to test the Cases 1—4 in Table III
by experiment, the relevant verification is made by
simulation, with the results shown in Table V. Case 5
indicates the inductive filtering transformer without
structural optimization method, and Case 6 refers to the
implementation of Case 3 at the condition of open circuit
of the filtering winding, while Case 7 is the conventional
three winding transformer without inductive filtering
method and structural optimization method. The basic
parameters of Cases 5 and 7, e.g., rated voltage and rated
capacity, are the same with Cases 1-4. THD; in the table
refers to the total harmonic distortion of current. For
Cases 14, as the improvement of efficiency, the filter-
ing performance gets relatively poor. Case 3 is hence
selected as acceptable reference for prototype to balance
performance and efficiency. More details can be found
that the harmonic suppression at the secondary side also
leads to loss reduction as analyzed in Section III (Cases 5
and 7), while the structural optimization method can
contribute to further efficiency improvement (Cases 5
and 3). It is noted that from Case 3 and Cases 6—7 that,
although the filter is not implemented (Case 6), the
transformer efficiency is still increased compared with
Case 7, due to the efficiency optimization. Moreover, the
increase of power factor (PF) is conducive to loss re-
duction (Case 7 and Cases 1-5). For no-load loss, it
changes little under different cases, which shows that the
optimization of no-load loss accounts for a small pro-
portion in the total loss.

TABLEV
SIMULATION RESULTS
) THD (%
Case (;?7 ig).)a) (Currént; PE
1 95.82 2.99 0.996
2 96.10 3.24 0.996
3 (Adopted) 96.33 3.89 0.995
4 96.45 3.96 0.995
5 95.65 3.40 0.995
6 95.70 9.51 0.973
7 95.23 9.55 0.973

B. Experiment 1: Harmonic Suppression Test

The harmonic suppression ability of the proposed
transformer-filter combination is tested. Figure 13 is the

current waveforms of the prototype recorded at primary
side, load side (W3) and load side (W4) respectively. It
can be found that, with the help of the phase-shift
structure (30° phase difference of the currents between
the two load sides) and the inductive filtering method,
the current quality at the primary side is greatly im-
proved. THD;y is dropped from 27.73% (load side) to
4.34% (primary side).

30 Primary-side current (with filter)

Load side
(W3)

: - Primary
20 A/div: 1 cycle/div. side

_ Load side
(W4)

Fig. 13. Experimental waveform at different test point of the
prototype.

Figure 14 shows the comparison test results for Case 3
and Case 7. Table VI lists the harmonic content corre-
sponding to the waveforms in Fig. 14. Although most of
the harmonic components are offset due to the 12-pulse
structure, 12k+ 1 order harmonic current still exists in
the primary-side current (k=1,2,3...), which experi-
mentally results in the THD of 10.00% for Case 7.
Compared with the conventional structure, the harmonic
suppression ability of Case 3 gets better. However, its
performance is still inevitably influenced by the ap-
proximative zero-impedance design. The filtering rates
for the tuned frequency harmonics are 69.32% (550 Hz)
and 61.53% (650 Hz).

Case 3 (Prototype)

3%%%%

200 V/div: 1 cycle/div.

PN 7N
%% %%
S " o

10 A/div: 1 cycle/div.

(a) (b)

Case 7 (Comparison)

3%%%%%

200 V/div: 1 cycle/div.

\

10 A/div; 1 cycle/div.

Fig. 14. Primary-side current and voltage waveforms. (a) Case 3
for prototype. (b) Case 7 for comparison.

TABLE VI
EXPERIMENTAL RESULTS

Har- Primary-side =~ Primary-side = Load-side Load-side

monic current (A) current (A)  current(A) current (A)
order (Case 3) (Case 7) (W3) (W4)
Fun. 11.05 11.02 21.07 20.73
5 0.12 0.15 4.44 4.63
7 0.12 0.13 2.52 2.13
11 0.27 0.88 1.68 1.56
13 0.25 0.65 1.25 1.12
17 0.06 0.05 0.89 0.80
19 0.04 0.04 0.70 0.61
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C. Experiment 2: Efficiency Improvement Test

The zero-impedance deviation brings about the effi-
ciency improvement of rectifier transformer. Figure 15
is the efficiency test results under different load factors.
The comparison is made between Case 3 and Cases 6—7.
Case 6, as a special condition of Case 3, shows a satis-
factory improvement of transformer efficiency even
under harmonic environment, which can be attributed to
the low loss design in Section IV. With the implemen-
tation of inductive filtering method, the efficiency of
Case 3 can reach 96.10% under light load, while the
average improvement can be 0.79% compared with
Case 7. However, the test results are a little lower than
that of theoretical analysis and simulation value, which
can be attributed to the nonnegligible internal resistance
in the low power experimental system.

100 -

Case 7 [l Case 6 [ Case 3 (Prototype)

98 I- 0.81% 0.79%

0.77%

96.10%
3 65%

96.02%
96

95.51%
95,13%

05.60%
’.

0.5 0.7
Load factor

[05.29%, 93.23%

94.74%
94

A\

Trans former efficiency (%)

<
(5

o
| -.J.

Fig. 15. Efficiency improvement test result.

VI. CONCLUSION

A novel transformer winding design strategy is pre-
sented, and the corresponding industrial power supply
system is further developed in this article, which shows
strong ability in harmonic suppression and efficiency
improvement in the high-current application. The con-
tributions and findings, i.e., the answers for the ques-
tions mentioned in Introduction, are summarized as
follows.

1) What is the filtering principle of the special
transformer-filter combination?

By means of modelling of the combination, it can be
concluded that the harmonic components can be offset
inside the transformer, so that the harmonic magnetic
potential self-balance between the secondary windings
is realized.

2) How to get the precondition of low-loss design for
the multi-winding transformer?

It is found from the expression of primary-side cur-
rent that, it is necessary precondition that the equivalent
impedances Z,, =0 and Z,, =0, which is different

from the common three-winding transformer.

3) How to determine the design margin of the trans-
former?

To get the design margin, the concept of limited ap-
proximative zero-impedance is proposed, which still

promises satisfactory performance. The feasible struc-
tural parameters are also determined within the design
margin.

4) Considering the constraint of precondition, how to
realize the efficiency improvement?

The optimal efficiency is searched and determined in
the interval of design margin. The efficiency is verified
experimentally to be improved by 0.81% under light
load.

APPENDIX A

Figure A1 shows the proposed transformer structure
included the iron core, where 4, and A4, are the sec-

tional area of iron yoke and core limb; /4, and A, are the
height of iron yoke and core limb window; M, is the
center distance of core limb; g, is the air gap between

the windings of each phase. There is following rela-
tionship between M, and a, .

M, =2x[r+(a +a,)/2] (A1)
where a, is a fixed quantity, and @, =10 mm.
M,
| | A
hy § §
Fig. Al. Transformer structure.
A. No-load Loss
The no-load loss can be calculated as follows:
P =KpPC(G1 +G,+Gy)
=24h
Gl Az e}/Fe (Az)
GZ = 4AeM07/Fe
G, =34,hys.

where K, is the coefficient related to the core material,
and K =1.3; F, is the specific loss related to the flux
density of iron yoke and core limb, and P, =0.8 W/kg;
G,, G, and G; are the corner weight, yoke weight and
limb weight; y. is the density of silicon steel,
Yoo =7.65kg/em’ .

B. Load Loss

The length / and resistance R of the transformer
winding are deduced as,

[ =2mr N,

R =pl /A,

(A3)
(Ad)
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where N _is the corresponding winding turn; A4, is the sec-
tional area of single coil (x =1, 2, 3, 4); p is the resistivity
of copper wire at 75°C, and p =0.02097 Q- mm?*/m.

The resistive loss of the transformer is obtained as:

4
R, =1.05) 3I'R (A5)

i=1
where the coefficient 1.05 is to include the additional
loss and stray loss.

C. Transformer Efficiency

It can be concluded from the deduction that, all the
loss related formulas include the distance of air gap

(ay,,a,, and a,,). In other word, we can obtain the loss
equations using the distance of air gap as variable, i.e.,
F(a,,a,,a,) and F(a,,a,,a,). Furthermore, the
transformer efficiency is also defined as follows.

B +B°R,
S\fcosp+ B, + B,

where S is the rated capacity; £ is load factor; cose

n(ay,a4,a,)=(1— )x100% (A6)

is the load power factor, and cos¢ is set as 0.9.
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