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Abstract— This paper presents a new adjustable speed drive
(ASD) topology that employs medium frequency (MF)
transformer isolation. The proposed system consists of a new 3-
phase push-pull based AC to DC rectifier with a MF AC link
employing only two active switches. A single 5-limb multi-
winding MF transformer is employed for isolation. The
secondary side of the transformer is connected in a zig-zag
configuration and is fed to 3-phase diode rectifiers, realizing 12-
pulse rectifier operation. The advantages of the proposed system
include high power density due to MF transformer isolation, low
active switch count, and a simple modulation scheme.
Furthermore, zig-zag transformer connection helps to balance
leakage inductance on the secondary side. A 690 Vi;, 100 HP
design example, detailed analysis and extended simulation results
are presented to validate the performance of the proposed
approach.
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I. INTRODUCTION

Electric motors are widely used in industrial, commercial,
and residential applications. In fact, it is estimated that electric
motors consume 50% to 66% of all electricity generated in the
United States [1]. Such motors are usually controlled by
adjustable speed drive (ASD) systems in an effort to reduce
energy consumption and to process the energy more
efficiently. ASD systems are used to reduce energy losses in
rotating equipment such as pumps, fans, and compressors [2].
In particular, medium voltage adjustable speed drive (MV-
ASD) systems have found extensive application in the
petrochemical, cement, and manufacturing industries [3].

The architecture of conventional and commercially
available MV-ASD systems (see Fig.1) consists of the
following  components: line-frequency  multi-winding
transformer for isolation, 12-pulse or 18-pulse diode bridge
rectification, and a simple or neutral point clamped (NPC)
inverter [4, 5]. These systems are usually large in size and
weight with the magnetics of line-frequency transformers
being the major limiting factor. Existing literature has shown
that the power density of MV-ASD systems can be improved
by employing medium frequency (MF) transformer isolation,
effectively decreasing size/weight.
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Various MV-ASD systems which employ medium/high
frequency isolation and have improved power density are
introduced in [6-7]. These systems use medium voltage multi-
level converters for AC-DC conversion. Nevertheless, they
employ a high number of active switches and have
complicated modulation/control schemes. Matrix converter
based MV systems are presented in [8-9]. Despite the
improvement in input current quality, matrix converter
systems still have the issue of using a high number of active
switches and employ complicated modulation strategies to
avoid current commutation problems. A multi-pulse rectifier
approach with star-delta transformer winding was proposed in
[10]. The star-delta windings have different turns-ratio causing
issues due to unbalanced leakage inductance on the secondary
side.

Zig-zag connected medium (alternately, ‘high”) frequency
solid-state transformer (SST) based topology for an 18-pulse
rectifier was introduced in [10]. The proposed topology in Fig.
2 seeks to improve over the existing 12-pulse ASD systems
through a zig-zag connected MF transformer based push-pull
configuration, which has a reduced active switch count and
simple modulation strategy. The advantages of the proposed
system architecture are the following:

e Only two active switches are employed to perform AC-
DC conversion contributing to a low active switch count.

e The use of MF transformer isolation increases power
density by reducing the weight/size of the system [10].

e Retrofit replacement of bulky line frequency transformer
with MF based transformer front-end is possible with the
proposed approach.

e Zig-zag arrangement helps to balance leakage inductance
in the transformer secondary windings.

e The control scheme works with simple MF open loop
square wave modulation.

e The DC-link voltage can be regulated with duty cycle
control. This feature can mitigate nuisance tripping due to
voltage swells and capacitor switching transients.
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Figure 1: Conventional adjustable speed drive (ASD) system with line frequency isolation transformer and 12-pulse rectifier front-end.
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Figure 2: Proposed 12-pulse AC-DC rectifier system with medium frequency transformer isolation with only two active switches. This topology
is intended to be a retrofit replancement of typical front-end ASDs. The transformer consists of 5-limbs with three primary windings (with

center-tap) and twelve secondary windings.

II. PROPOSED MEDIUM FREQUENCY TRANSFORMER ISOLATION
BASED TOPOLOGY FOR MV-ASDS

The proposed system employing MF isolation with multi-
winding transformers is shown in Fig. 2. Since the focus of
this paper is the front-end 12 pulse AC-DC rectifier system,
the inverter operation is not explained in much detail. The
motor drive inverter can be a simple 3-phase inverter or an
NPC inverter. The operation of the proposed topology can be
divided in the following stages: (A) diode rectifiers with
clamp circuit, (B) MF multi-winding transformer, (C) twelve
pulse diode rectifier, and (D) modulation scheme.

A. Diode Rectifiers with Clamp Circuit

This part of the system is composed of two 3-phase diode
rectifiers, each connected to a high voltage active switch
(S,/S;) and a clamp circuit, which consist of a capacitor and a
bleeding resistor. The creation of the MF AC link is described
in [11]. There are two sets of primary windings (W,;, Wy,
W.1) and (Wa, Wy, W) which are 180° phase shifted in
magnetic coupling. The utility terminals of W, Wy, W, are
connected to phase a, b, and ¢ of the utility grid, respectively,
while their switching terminals are connected to the diode
rectifier with S;. The utility terminals of windings W, Wy,
W, are also connected to the utility grid but their switching
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terminals are connected to the diode rectifier with switch S,.
The two switches (S;, S,) are complementary and operate at
fixed duty cycle. Operation is described for 50% duty cycle.

When S; is gated ON and S, is gated OFF, the switching
terminals of windings (W,;, Wy, W) are star connected
while the other set of windings (W,,, Wy, W,y) are open. At
this moment, since the switching terminals of windings (W,
Wy, W) are star connected, the induced voltages on the
secondary side have the same polarity as the utility grid line-
to-neutral voltages. Contrastingly, when S, is gated OFF and
S, is gated ON, the switching terminals of windings (W,i,
Wyi, W) are open while the switching terminals of windings
(Wa, Wy, W) are star connected. At this moment, the
induced voltages on the secondary side have opposite polarity
compared to the grid line-to-neutral voltages. Since S, and S,
are switched at MF, an AC link is created as shown in Fig. 3.
For a switching function given by (1) and a line-to-neutral
input voltage as seen by (2), the MF link in Vy,; is given by

3):

S, _4 > lsin(na)sqrt) (1)
7T n=135,.1

Van = \EVLL Sm(a)st) (2)

2 > 2.
VWal = \/;VLL Z — Sm({nwsqrt T a)s } t) (3)

n=135,7,. 07T
The MF link for windings Wy,; and W, have the same

expression as in (3) but are displaced 120° and 240°
respectively.

MEF AC Link

Figure 3: Medium frequency (MF) AC link created by switching S,
and S, complementarily with 50% duty cycle.

When the switching terminals of windings (W,;, Wy,
We1) or (W, Wiy, W) are open, the clamp circuit provides a
path for the energy stored in the leakage inductance of the
windings. For example, when S, is OFF the energy stored in
windings (W,;, Wy, W) is transferred to the capacitor which
clamps to the highest line-to-line voltage. The energy stored in

the capacitor can be used to power a switch mode power
supply (SMPS). This SMPS can power gate drive circuitry. In
this manner, the energy is recovered and not lost in the
bleeding resistor.

B. Medium Frequency Multi-Winding Transformer

The switching frequency of S; and S, determines the
operating frequency of the transformer. MF operation enables
the transformer to be reduced in size thereby increasing the
power density of the system [10]. However, selection of the
appropriate magnetic materials is critical to achieve high
power density. For high power MF applications, magnetic
core materials such as ferrite, amorphous, and silicon steel
should be considered [12]. Due to its high saturation flux
density and relative low cost [13], a silicon steel core material
is selected to build the MF transformers for the scaled down
laboratory prototype. Generally, a star-delta winding
transformer is used to generate a net 30° phase difference.
However, since the turns-ratio is different in star and delta
winding configurations leakage inductance balancing issues
can occur in the transformer. This problem is mitigated by
using zig-zag connection.

The transformer can be three I-phase multi-winding
transformers or it can be a single 3-phase multi-winding
transformer. For this system, a single 5-limb transformer is
employed for isolation. The primary and secondary windings
are wound around the interior 3 limbs of the transformer. The
exterior limbs can carry any unbalanced flux in the
transformer avoiding core saturation. The 3-phase MF AC
links are fed to the primary windings as described in the
previous section. The secondary windings are connected in
zig-zag arrangement such that two sets of 3-phase voltages
result with a phase difference of +15° and -15° with respect to
the primary windings (see Fig.4), so that there is a net 30°
phase difference between the two sets. To accomplish a net
30° phase difference, the windings turn ratio must be set as
given in (4):

4
Np :Npy i Ny Ny : Ngy : Ny, =1:1:0.298:0.8165:0.298 : 0.8165

Figure 4: Vector diagram of voltages in zig-zag arrangement.
Magnitudes of the vectors can be obtained by phasor operations.
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The transformer’s turn-ratio can be obtained by performing
phasor operations. As shown in Fig. 4, the line-to-line output
voltage, V., is desired to have a unity magnitude with a phase
shift of +15° with respect to the primary line-to-line voltage.
Such a vector can be obtained by adding vector V,, and the
negative of vector Vy,,. The magnitudes of the vector V,, and
Vi, correspond to the turn ratio of the windings and can be
found by solving (5):

V., Z0°+V, £—120°=1/15° )

Breaking (5) into its real and imaginary components yields a
system of two equations and two unknowns and therefore the
magnitudes of V,, and Vy, can be obtained. Similar phasor
operations can be performed to obtain the magnitudes of the
vectors giving a line-to-line output voltage, Vs, with unity
magnitude and a phase shift of -15° with respect to the primary
line-to-line  voltage. The secondary windings of the
transformers are connected as shown in Fig. 5. This zig-zag
connection yields two set of voltages (Vaps, Vies, Veas) and
(Vabts Vet Vea) Which have a 30° phase shift with respect to
each other.
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Figure 5: Zig-zag connection of secondary windings. Interior limbs
of 3-phase transformer, each limb has four secondary windings.

C. Twelve-Pulse Diode Rectifier

Two sets of 3-phase voltages, with a net 30° phase
difference are created with the zig-zag arrangement. Each set
is fed to a diode rectifier achieving 12-pulse rectification. The
output DC voltage is then interfaced to the inverter. The
operation of the bridge rectifiers is similar to the conventional
line frequency 12-pulse configuration. The main difference is
that fast switching diodes are required for this application. The
diodes should be able to switch at the operating frequency.
Silicon carbide (SiC) Schottky diodes can be used. These
diodes are extremely fast switching and have essentially no
reverse recovery current which reduces switching loss [14].

The DC link output voltage, Vpc ou ,0f the twelve-pulse diode
rectifier is given by (6):

672

VDC,out ~ I/ahs,rms (6)

The design of the output inductor, L, and the output
capacitor, C,, is similar to the conventional line frequency
diode rectifier and depend primarily on the requirements of
the motor drive inverter which is not the focus of this paper.
The input LC filter is designed similar to the corresponding
12-pulse rectifier’s filter since the input currents will have
similar harmonic spectrum (fundamental, 11", 13", etc.)

D. Modulation Scheme

A major advantage of the proposed system is that no
closed loop control is required since the topology intends to
replicate the performance of a conventional line frequency
transformer. The main switches S; and S, are complementary
and operated at fixed 50% duty cycle. Operation at 50% duty
cycle provides the maximum MF AC link rms voltage. At
duty cycles less than 50%, zero states are introduced to the
MF AC link decreasing the overall output DC voltage. If the
duty cycle is increased beyond 50%, catastrophic short circuits
occur across the transformer windings. Consequently, the
modulation becomes simple (open loop fixed duty cycle
operation) and robust; in contrast to other systems which
employ complicated modulation strategies.

1. DESIGN EXAMPLE AND SIMULATION RESULTS

A 690 Vi, 100 HP design example is considered to
demonstrate the operation of the proposed MV-ASD system in
Fig.2. The parameters in Table 1 were used for simulation.
Simulations of the proposed topology were performed using
PSIM. The simulations were performed without an input LC
filter for the sake of clarity. If a filter is desired, it must be
designed for a cut-off frequency of 500 Hz (i.e. to eliminate
11", 13", and higher harmonics).

As stated in section II, a 3-phase MF AC link is created
across the transformer windings by switching S; and S,
complementarily. The 3-phase MF AC link can be observed in
Fig. 6(a), it is evident that the voltages across the windings
(Wa1, Wy, W) are displaced by 120° from each other. The
voltages across the windings (W,,, Wy, W,) are also a set of
3-phase voltages with 120° phase shift; however they are
opposite in polarity with respect to the voltages across the first
set of windings. Fig. 6(b) shows the line-to-line voltages (V s,
V) Which feed the 12-pulse diode rectifier. The voltages are
30° phase shifted, with respect to each other, as in
conventional 12-pulse operation. The input currents to the
diode rectifiers, Is; 4 and Iy 4, in Fig. 6(c) also demonstrate
the 30° phase shift. The FFT, Fig. 7, of the voltage across
winding W,; confirms MF operation. The fundamental voltage
frequency occurs at 400+60 Hz; this enables the use of MF
transformers thereby reducing the weight/size of the system
[10]. The output DC voltage and the individual rectified
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voltages, Vi and V., are shown in Fig. 8. The 30° phase
shift is also noticeable in the individual rectified voltages
ensuring 12-pulse operation.

Fig. 9(a) shows the input current for phase a; 12-pulse
operation can be observed in the input current. The FFT of the
line current is shown in Fig. 9(b); the dominant harmonics are
11", 13™ as in conventional 12-pulse configuration. This
shows that the proposed topology can be a retrofit replacement
of bulky line frequency transformer based ASD systems.

Table 1: Specification & Operating Conditions used for the system in Fig. 2

Grid voltage (line-to-line rms) 690 V
Rectifier output voltage 1500 V4,
Rated power 100 HP
Square wave switching frequency (fy,,) 400 Hz
Output Inductor (L,,,) 2 mH
Output Capacitor (C,,,) 200 pF
Vw1 Ve Vi (a)

Vabs  Vabt ®)

0.5K /
0K

05K N

L‘rﬂ A IE-P“BJ\ (C)
60 I I ] : V
40
20

-20
-40
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Figure 6: (a) MF 3-phase AC link, the voltages across windings W,
Wy, W are displaced by 120°. (b) Line-to-line voltages V,, and
Va, 30° phase shift between voltages can be observed. (c¢) Input
currents to twelve pulse diode rectifier, 30° phase shift is evident.

Vwal, FFT
400 :
300
200
100
0
200 400 600 800

Frequency (Hz)
Figure 7: FFT of the voltage across winding W,;. Fundamental
frequency of operation is 400£60 Hz enabling the use of MF
transformers.
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Figure 8: DC output voltage at 1500V. Individual rectified voltages
have 30° phase shift as in conventional 12 pulse operation.
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Figure 9: (a) Input line current for phase A; 12-pulse operation can be
observed (b) FFT of the input current verifies 12-pulse operation as
the dominant harmonics are 11" and 13" (660 Hz and 780 Hz).
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1V. SEMICONDUCTOR DEVICE COUNT COMPARISON

A great advantage of the proposed system is that it only
employs two high voltage active switches to perform AC-DC
conversion. A comparison of the number of semiconductor
devices utilized between the system proposed in this paper, the
conventional system, and the topologies proposed in existing
literature for MV-ASDs is given in Table 2.

Table 2: Comparison of semiconductor devices in MF MV-ASDs’ (AC-DC
conversion stage)

clamp circuit are calculated using the characteristics of the
device in [14] and the average current, obtained from
simulation, through the diodes. The switching loss for these
diodes is essentially zero as stated in [14]. The losses for the
twelve pulse diode rectifiers in the secondary side are obtained
in similar manner but using the characteristics of the device in
[16]. Table 3 shows the commercial semiconductor devices
used for the power loss analysis.

Table 3: Semiconductor devices used for power loss analysis

System Topology =~ Number of active ~ Number of diodes System Component _Part Number Manufacturer
switches S1/S2 IXA4014000KN IXYS
Conventional 0 12 3-phase fhode CAD40120D Cree
[6] 36 0 clamp circuit
[10] 12 24 Twelve pulse C3D25170H Cree
Proposed 2 26 diode rectifier

The conventional system uses bulky line frequency
transformers and therefore does not utilize active
semiconductor devices in the front-end. However, the power
density of the system is low. The system in [6] has a higher
number of active switches. It is worth noting that this system
uses bidirectional multi-level DC-DC converters for 3.3 kV
systems using 1.2 kV active switches. The topology in [10]
operates at MF, but still has the issue of higher number of
active devices. Overall, the proposed topology in this paper
has lower number of semiconductor devices used for
rectification while achieving high power density. This also
results in reduced gate drive circuitry and heat sink utilization.
It is worth noting that the two active switches must be rated
for twice the line-to-line input voltages. For the ratings in the
design example, at least 2 kV active switches must be used.

V. EFFICIENCY CALCULATION OF AC-DC CONVERSION STAGE

The efficiency of the proposed system can be calculated by
analyzing switching and conduction losses, and transformer
core and winding losses. Since the focus of this paper is the
front-end AC-DC conversion stage of a MV-ASD system, the
losses of the motor drive inverter are not included in this
analysis. For the proposed design example in section III, the
total transformer losses (core and winding losses) are assumed
to be approximately 1.5% of the system’s power rating. The
switching losses and conduction losses of the two high voltage
active switches (S,/S,) can be approximated by looking at the
switching/conducting  characteristics of  commercially
available high voltage IGBTs. The switching loss of the
IGBTs and diodes is calculated using the turn-on and turn-off
energy pulses of the device as in (7):

I)swiloss = (Eon + Eoff) . f;‘w (7)

The IGBT in [15] is selected for this computation. The
conduction losses for this device can be computed by
analyzing conduction forward voltage drop and by observing
the rms current through the device in simulation. The
conduction losses of the two 3-phase diode rectifiers with
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The breakdown of the system losses is shown in Fig. 10.
From the analysis it is observed that 41% of the total losses
come from the transformer core and winding losses. The
assumption of 1.5% transformer loss can be reduced to about
0.5% if more efficient magnetic material like amorphous is
used for the transformer design. However, using amorphous
material will increase the cost of the transformer. The
switching and conduction losses of the active switches in the
proposed system account for 16% of the total losses. Since the
diodes of the active clamp circuits must also be rated for high
voltage, they contribute to 30% of the system losses. Overall,
the efficiency of the proposed system is calculated to be
96.4%.

Total Losses at Full Power: 100 HP (96.4 % Efficiency)
(81/82) Switching/Conduction
losses
16%

Figure 10: System breakdown power loss. At full power, the
efficiency is calculated to be 96.4%.

VI. CONCLUSION

This paper proposes a MF transformer based push pull
topology for ASD systems using only two active
semiconductor devices. Using MF transformer isolation
increases the power density of the system. Thus, the front-end
of this approach can be a retrofit replacement for bulky line
frequency transformers in conventional ASDs. The operation
of the topology for 12-pulse configuration was described. Zig-



zag arrangement in the secondary side of MF transformer was
introduced and derivation of the turns-ratio was shown.
Simulation results demonstrate the feasibility of the proposed
topology. In addition, power loss analysis of the proposed
system yields a 96.4% efficiency at full power using a silicon
steel core transformer but this efficiency can be expected to be
higher with magnetic core material such as amorphous.
Overall, the advantages of the system include high power
density, reduced active switch count, and simple open loop
control. The zig-zag multi-winding transformer is currently
under development.
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