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Abstract

In this dissertation, the benefits of the three-phase current source rectifier (CSR) in high
power rectifier, data center power supply and dc fast charger for electric vehicles (EV) will be

evaluated, and new techniques will be proposed to increase the power efficiency of CSRs.

A new topology, referred as Delta-type Current Source Rectifier (DCSR), is proposed and
implemented to reduce the conduction loss by up to 20%. By connecting the three legs in a delta

type on ac input side, the dc-link current in DCSR can be shared by two legs at the same time.

To increase the switching speed and power density, all-SiC power modules are built and
implemented for CSRs. The switching waveforms in the commutation are measured and studied

based on double pulse test.

Four different modulation schemes are compared for high efficiency CSR considering the
switching characteristics of different device combinations. The most advantageous modulation

scheme is then identified for each of the device combinations investigated.

A compensation method is proposed to reduce the input current distortion caused by overlap
time and slow transition in CSRs. The proposed method first minimizes the overlap time and
then compensates the charge gain/loss according to the sampled voltage and current. It is verified
that the proposed method can reduce the input current distortion especially when the line-to-line

voltage is close to zero.

The dc-link current will become discontinuous under light load in CSRs, when the
traditional control algorithm may not work consistently well. To operate CSR in discontinuous
current mode (DCM), the CSR is modeled in DCM and a new control algorithm with feed-

forward compensation is proposed and verified through experiments.

iv



A protection scheme with fast response time is proposed, analyzed and verified to protect

SiC devices from overvoltage caused by current interruption in CSRs.

To deal with the harmonics and voltage sag in the input ac voltage, a new control algorithm
is proposed. By adding ac current feedback control and proportional-resonant (PR) control, the
proposed control algorithm can reduce the input current distortion and dc output voltage ripple

under input voltage disturbance.
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1 Introduction

This chapter will introduce the application of the three-phase current source rectifier (CSR)
in data center power supply, fast electric vehicle charger and high power rectifier. Then the
motivation of the research is discussed. The organization of the dissertation is demonstrated

afterwards.

1.1 Application Background

The consumption of the electricity in U.S. achieved nearly 3,856 billion kilowatt-hours
(kwh) in 2011, which was more than 13 times greater than electricity use in 1950 [1]. As the
concern increases about growing population and global warming caused by greenhouse gas, the
countries such as U.S. starts to cut the usage of traditional fossil fuels and shift to renewable
energy [2]. Power electronics becomes more important as an enabling technique to convert and
control the flow of electrical energy [3]. As the cost of energy continuously increases, the
efficiency of power conversion turns out to be the primary design goal in many applications [4].
This research focuses on three applications — high power rectifier (arc furnace, induction melting

etc.), power supply for data center and dc fast charger for electric vehicle (EV).

1.1.1 High Power Rectifier

High power rectifiers with power semiconductors have over 50 years of development
history [5][6]. They are widely applied in electrochemical industry such as electrowinning and
refinery of copper and other nonferrous metals, as well as in application of dc arc furnace and
plasma torch. In low-voltage (LV) and medium-voltage (MV) motor drives, they work as the

front-end to establish the dc-link current [7][8]. These rectifiers are characterized by very large



load current (hundreds of kA) and comparatively low output voltage (less than several kV). The

typical specification in different application is shown in Table 1-1 [5].

Table 1-1. Typical specification of high power rectifiers

Application Output current (KA) | Output voltage (V)
Chemical electrolysis 5-150 40 — 1000
Aluminum potline 10 — 300 <1300
DC arc furnace 50 — 130 600 — 1150
Graphitizing furnaces 20-120 50 — 250
Zinc/Lead electrolysis 5-100 100 — 1000
Copper refining 10 - 50 40 — 350
Traction substations 1-5 500 — 1500
LV motor drive 0-10 250 — 1000
MV motor drive 0-5 3400 — 6000

The dc arc furnace is a typical application for the high power rectifier. It was introduced into
industry in 1984, about 30 years ago [9]. The electric arc is an electrical breakdown of a gas that
produces an ongoing plasma discharge, resulting from a current through normally nonconductive
media such as air [10]. The phenomenon was first described by Sir Humphry Davy when he
transmitted current through two touching carbon rods and then pulled them a short distance apart
[11]. The electric arc has very high temperature, capable of melting or vaporizing most materials.
The structure of the dc arc furnace is shown in Fig. 1-1, where the two electrodes are connected
with the output of the high power rectifier. The scrap is heated by the arc generated between two
electrodes. The scrap can be charged through the charging door and the molten metal can be

poured out through spout on the furnace.

Although developed about 70 years later than ac arc furnace, the dc arc furnace is the
dominating type in scrap melting applications due to its simpler furnace structure, wider range of

composition and lower cost [9][12]. Very large dc arc furnaces are currently in use in the steel

2



industry. In 2007, Tokyo Steel ordered the world’s largest electric arc furnace from Danieli. It is

a twin-cathode dc arc furnace with 175 MW operating power [13].

Graphite electrode (-)
N

. Slag L[| Spout
Charging door\ \ ‘Arc Y
Steel shell
Refractory

Bottom electrode (+)

Fig. 1-1. Structure of dc arc furnace.

As semiconductor device technology develops in recent years, a lot of researchers are trying
to find alternative solutions to the high power applications. Many restrictions and performance
indices should be taken into consideration when different designs are compared [5]. On the
utility side, the power factor and harmonic distortion should meet the industry standard such as
IEEE standard 519 [14]. The power quality on the dc side is important to the process, including
dc voltage/current operating range, ripple, regulation accuracy and regulation speed. Further

decisive factors are system efficiency, reliability, cost and mechanical dimension.

The multi-pulse rectifiers are most widely used as high power rectifiers in industry products.
A 12-pulse diode rectifier with transformer is shown in Fig. 1-2, including two diode bridges in
parallel. The high voltage (HV) from the grid is stepped down to medium voltage (MV) through

a HV/MV transformer. Then the 12-phase delta-delta-wye transformer is applied to realize phase

3



shift between the input voltages of the two rectifiers. With the multi-pulse rectifier, the input
current harmonics can be significantly reduced. For 12-pulse rectifier, the 5™ and 7" harmonics
can be canceled in the input current on the primary side [15]. The diode rectifier is the simplest
topology in the high power application. It does not offer any voltage adjustment capability. The
output voltage can be changed with tap-changer of the transformer or saturable core reactor in
the system [5]. On the primary side, there should be some static VAR compensator (SVC) or
harmonic filter to compensate the reactive power and filter out the harmonic current. Because of
its narrow output voltage range, the diode rectifier is not as popular as thyristor rectifier in Fig.

1-3.
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Fig. 1-2. 12-pulse diode rectifier.
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The Silicon Controlled Rectifier (SCR) or thyristor rectifier has similar structure with diode
rectifier. The diode is replaced with the thyristor so that the output voltage can be electronically
controlled by changing the firing angle of the thyristor. Due to the simplicity, low cost, high
efficiency and reliability, the thyristor rectifier is the most widely used configuration in high
power rectifier application [5][6]. But the power factor is very low especially when the firing

angle is large or the output voltage is low. So SVC is necessary in the thyristor rectifier, as

shown in Fig. 1-3.
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Fig. 1-3. 12-pulse thyristor rectifier.
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Fig. 1-4. Diode rectifier with dc-dc chopper.

The dc-dc chopper can be connected with the multi-pulse diode rectifier to construct a two-
stage topology for high power application, as shown in Fig. 1-4 [5][6][7][8]. The output dc
voltage can be regulated with the chopper stage. Multiple dc-dc modules can be paralleled to
share the dc output current. Their PWM carriers can be interleaved to reduce the output dc
current ripple. Because of the higher switching frequency and crossover frequency of the
controller, the diode rectifier with dc-dc chopper has fast dynamic response than thyristor
rectifier [6][16]. It can achieve close or even higher efficiency than the thyristor rectifier [6][17].

There have been some commercial products with this topology [6].

For the topologies with multi-pulse rectifier, the SVC and harmonic filter only improve the
power factor and total harmonic distortion (THD) on the primary side. The current on the
secondary side of the transformer still contains much harmonics, and large reactive power exists
in the transformer. Other topologies with multi-pulse rectifier have been proposed in previous

research, including the phase controlled sequential rectifier [18] and filter-less rectifier [19][20].
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Fig. 1-5. Traditional current source rectifier for high power application.

While not yet available for practical application, the three-phase current source rectifier
(CSR) is believed to be a promising topology of high power rectifier [5][6][21][22]. As an active
rectifier, it can regulate the output current well while achieving nearly unity power factor on the
input side. The traditional current source rectifier is shown in Fig. 1-5, where two rectifier units
are paralleled. The filter capacitors are used on the input side to reduce the switching-frequency
harmonics. With pulse width modulation (PWM) at high switching frequency, the filter size is
much reduced compared with multi-pulse rectifiers. There is no need of SVC in this topology
since the reactive power can be compensated through proper rectifier control. The freewheeling

diode is usually added on the dc bus to reduce the conduction loss.

According to the specification of the high power rectifier, the semiconductor devices should
have large current rating while low voltage rating in most applications. In recent years, the high

power insulated-gate bipolar transistor (IGBT) has been developed dramatically, which enabling



the application of dc-dc chopper and current source rectifiers [6][7][8][21][22]. 1700 V/3600 A
IGBT modules are available on the market [23][24]. With turn-off capability and high switching
speed, the switching frequency of IGBT can be increased to higher than 1 kHz to reduce the filter
size [6][21[22]. The gate turn-off thyristors (GTO) and integrated gate-commutated thyristors
(IGCT) are applied as well in the high power rectifier [6][25]. They have higher power rating

than IGBT, but their switching speed is lower than IGBT.

Table 1-2. Comparison of topologies in high power application

Topol Diode Thyristor Diode rectifier with Traditional
opology rectifier rectifier chopper CSR
Transformer v vv
Converter
efficiency 44 44 v/
Filter/SVC v Vv
Control
complexity 44 v
Regulation speed v vv vV
Regulation
accuracy v v vV
Device cost ‘/ ;/ ;/
System reliability v Vv

t/ 0/ : More advantageous / : Advantageous

The characteristics of the topologies in the high power application are summarized in Table
1-2 [5][6][20]. The loss and cost of the semiconductor devices are still much higher in CSRs than
those in the thyristor rectifiers. But with power factor control and high switching frequency, the

CSRs can save much loss and cost on transformer, filter and SVVC.
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1.1.2 Power Supply for Data Center

As the rapid development of information technology (IT), data centers with up to megawatt
power level are built worldwide to process large amount of data. The power consumption of data
center doubled from 2000 to 2005. In 2010, it accounted for 1.7% to 2.2% of the total electricity
use in United States [26]. In a typical data center, less than half of the input power can be
delivered to the compute load (microprocessors, memory and disk drives). The rest of power is
dissipated in power conversion, distribution and cooling, resulting in high utility bill [27]. It is
expected that the life time energy cost of a server will be higher than the initial investment on the
server hardware [28]. So power efficiency is critical for the power supply system of the data

center.

The traditional power architecture of the data center in U.S. is shown in Fig. 1-6, which is
based on ac distribution [27]. It is burdened with many conversion stages, leading to low
efficiency of the system. The double-conversion uninterruptible power supply (UPS) in the
system converts 480 Vac to dc voltage to charge the energy storage component. Then the dc
voltage is inverted back to 480 Vac and stepped down to 208 Vac with a transformer in power
distribution unit (PDU), since the traditional power supply units (PSU) in U.S. can only take 90 —
264 Vac input voltage. In PSU, 208 Vac is converted to 12 Vdc through a two-stage conversion.
After that, the voltage regulators (VR) steps down the voltage further to supply the electric loads.
The efficiency of the traditional power supply system is around 67% [29], with typical efficiency

of each stage listed in Fig. 1-6.
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Fig. 1-6. Conventional ac-distribution power architecture of data center in United States.

To reduce the conversion stages and distribution loss in the conventional power architecture,
the high voltage dc (HVDC) distribution architecture has been proposed by industry companies
(IBM, Intel, Delta, NTT Facilities, Vicor, et al.) in recent years [27][28][29][30][31][32][33], as
shown in Fig. 1-7. Compared with the traditional one in Fig. 1-6, the new architecture has
reduced number of conversion stages. 400 Vdc after the dc UPS is directly feeding the rack,
largely reducing the distribution loss and conversion loss. The distribution voltage level can be
flexible between 300 V and 400 V [34]. PSU in this architecture steps down 400 Vdc to 12 Vdc.
Since 2010, IBM, Syracuse University and New York State have cooperated to build a 780 kW
new data center with 380 VVdc HVDC power architecture [35]. It has operated successfully for
over three years and saved more than 50% energy cost than the traditional data center. More and

more dc powered data centers arise in recent years worldwide [34].
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Fig. 1-7. HVDC power architecture of data center.
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Addressing the potential market in HVDC data center, many companies have already
released state-of-art produces for the new architecture. For 480 Vac to 400 Vdc stage, 97% peak
efficiency at 15 kW is reached in EMERSON NetSure™ 802 DC Power System [36]. Delta DC
UPS has 97.1% efficiency at full load (20 kW) and 97.8% efficiency at 35% load (7 kW) [31].
For PSU stages, Vicor bus converter module (BCM) has 96% full-load (325W) efficiency [33].
For VR stage, infineon products have 91% efficiency under 100 W output power. With the state-
of-art products for each stage, the HVDC power architecture can reach 85% system efficiency,

which is much higher than the efficiency of the traditional architecture.

Table 1-3. Typical specification of front-end rectifier in data center power supply

Parameter Value
Input voltage 380 — 480 Vac, 50 — 60Hz
Output voltage 300 — 400 Vdc
Output power 15— 20 kW each modyle
40 — 280 kW each cabinet
Input power factor > (0.99
Input current THD < 5%

Based on the requirements of the industry, the typical specification for the front-end stage is
shown in Table 1-3. According to the specification, the output dc voltage is usually lower than
the peak value of the input line-to-line voltage, so the front-end rectifier should have a step-down
capability. Moreover, the input power factor should be close to unity, and the total harmonic
distortion (THD) of the input current should be limited to less than 5%. Addressing all these
requirements, the active rectifiers are preferred in this application, with controllability on both ac

and dc side [38].

11



The phase-modular rectifiers are formed with two or three single-phase rectifier modules.
They are attractive to the industry because the knowledge on single-phase system can be
exploited to the three-phase system with low effort. The voltage stress in phase-modular
rectifiers is lower than that in the direct three-phase rectifier. Another benefit of the phase-

modular rectifier is the modularized design for large power supply system.

The topology of phase-modular boost rectifier is shown in Fig. 1-8, which is formed with
three single-phase boost rectifiers [39]. Normal PiN diodes can be used in the diode bridge to
reduce the conduction loss. The voltage stress on the switch is no more than 400 Vdc, so Si
CoolMOS™ [24] can be used as the switch. To reduce the reverse recovery loss, SiC Schottky
diodes or Si fast-recovery diodes can be used as Da, Db and Dc. The outputs of three modules
can not be connected together directly due to the interaction between different phases [40]. To
feed the same load, an isolated DC/DC converter stage is necessary after the front-end rectifier
for each module. To share the load equally in three phases, the power balance control is required

between three modules [38]. Otherwise, there is large neutral current in this system.
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Fig. 1-8. Phase-modular boost rectifier for data center power supply.
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Another phase-modular topology applied in the industry products is the three-phase buck-
boost rectifier, as shown in Fig. 1-9 [30][31][41]. To reduce the cost and increase the power
density, only two phase modules are applied in the topology [42]. With the neutral line, three
phase currents can be controlled independently. The input currents of phase a and phase c are
controlled by the upper module and the lower one respectively. Phase b is connected to both
modules and its current can be regulated with the idle devices in both modules. Each phase
module is a single-phase three-level buck-boost rectifier, where the voltage stress of devices can
be reduced compared with two-level rectifiers. The input phase voltage is first stepped down in
the module and then boosted up to around 400 V. In this way, the rectifier has wide input and
output voltage ranges. The outputs of two modules are connected together to share the load and
the power is well balanced between three phases. However, the conduction loss is high in this
topology with many devices in series. The control is more complex than traditional single-phase

rectifier.
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Fig. 1-9. Phase-modular buck-boost rectifier for data center power supply.

The phase-modular rectifiers are actually operated in a single-phase internally. So there is

still power pulsation at twice the fundamental frequency in these topologies. Large electrolytic
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capacitors are required to filter the low-frequency current at the output side, limiting the power

density of the rectifier.

The direct three-phase rectifiers, including voltage source, current source and Z-source
rectifiers, regulate all three-phase currents together with one controller and PWM modulator. The
voltage source rectifier, also referred to as boost rectifier, is widely applied in power electronics
field. It can boost the input ac voltage to higher dc voltage, which should be larger than the input
line-to-line peak voltage. For the data center power supply, another dc-dc stage is needed if the
boost rectifier is applied, leading to more loss, cost and control complexity. Z-source converters
are proposed in [43], by introducing an impedance network (two inductors and two capacitors) to
traditional voltage/current source converters. In this way, the rectifier can realize both voltage
step-up and step-down functions. Moreover, it allows the shoot through state in the phase leg,
which increases the noise immunity. But it has some drawbacks compared with traditional
voltage/current source rectifiers. One of them is the higher switching loss of semiconductor due
to introduced shoot-through state. The impedance network brings more loss, volume and control

complexity to the rectifier.

Alternatively, the three-phase current source rectifier, also referred to as buck rectifier, is
very suitable for application in data center power supplies for its step-down conversion function,
smaller filter size and potential for high efficiency [44][45]. As shown in Fig. 1-10, the input ac
voltage can be stepped down to dc voltage less than v/3/2 of the line-to-line peak voltage. So it
can accommodate to different input voltage ratings in Table 1-3 and output 400 Vdc for power
distribution. The main drawback of the topology is the large device conduction loss due to series

connection of a diode and a switch. But the conduction loss can be largely reduced with newly
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developed semiconductor devices like Reverse Blocking IGBT (RB-IGBT) and SiC MOSFET

[45].
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Fig. 1-10. Three-phase buck rectifier for data center power supply.

The characteristics of the topologies as front-end rectifiers in data center power supplies are

summarized in Table 1-4. The three-phase CSR has more advantages over the phase-modular

rectifiers in the industry.

Table 1-4. Comparison of topologies of front-end rectifier in data center power supply

Phase-modular rectifier
Topology Three-phase CSR

Boost | Buck-boost

Three-phase load balance e v
Voltage stress ‘/ ‘/

Output/input voltage range v w4
Control complexity v v
Device loss v v
DC capacitor size v

v Advantageous
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1.1.3 Dc Fast Charger for Electric Vehicle

Concerning about the global climate change and rapidly increased consumption of fossil fuel
storage, countries in the world are driving a movement back to the electric vehicles (EV), which
was first invented in 1830s [46][47][48]. Of all the oil consumed in U.S., 70% of them is
consumed in the transportation. It is predicted that by 2050 there may be as many as 1.5 billion
cars on the load, almost doubled compared to 750 million in 2010 [49]. The federal regulations
in U.S. have set the fuel-economy goal for the light-duty vehicle to improve from a combined
average of 27.5 miles per gallon (mpg) in 2010 to 54.5 mpg by 2025 [46]. To meet such a
challenging requirement in the near future, the automakers have invested much money to retool,
expand or build new facilities to make EVs. Although the market for electric vehicle is still in its
infancy, it is expected to account for 2% of U.S. car sales by 2017 [50]. In 2012, the global EV

sales are doubled compared with that in 2011 [48].

The charger infrastructure is crucial to the growth of EVs. Because the battery capacity is
still not enough to support long distance (>200 miles) travel, EVs need to get charged in the
charge station, which is similar to the gas station. Three levels can be divided for current EV
chargers, as shown in Table 1-5 [51][52][53]. The level-1 and level-2 chargers usually have
single-phase structure with low output power, resulting in slow charging speed. They are primary
solutions for charging at home or in some public places like supermarkets. Because of their

simple structure and low weight, they are usually integrated in the EVs as on-board chargers.

Level-3 charger, also referred to as dc fast charger, usually has three-phase 480 Vac input
voltage and much larger power rating than level-1 and level-2 chargers. They are installed in

large public charger station, analogous to a filling station. The battery of EVs can be fully
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charger in less than 1 hour with dc fast chargers. Because of large power and weight, they are

usually off-board chargers.

Table 1-5. Power levels of EV chargers

Charger . Expected power |Typical miles per

Power level location Typical use level hour of charge

Level 1 On-board Home or
120 Vac (US) 1-phase office L4kW, 1.9 kW 2-3

Level 2 Onboard | "N guw gkw 192 | oo
240 Vac (US) 1- or 3-phase P kW

outlets
Level 3 (Dc fast Commercial,

charger) Ot board filling 50 kW, 100 kW 60 - 80

480 Vac (US) p station

(b)

Fig. 1-11. Supercharger stations of Tesla Motors in U.S.: (a) Today; (b) End of 2015 [57].

Considering the huge potential demand of dc fast chargers, many companies have released

their commercial produces in recent years [54][55][56]. Fuji has introduced its 25 — 50 kW dc

fast charger station with more than 90% efficiency [54]. Delta EV dc quick charger has 50 kW

maximum output power and 94% efficiency [55]. ABB released its 50 kW charge station with 92%
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efficiency [56]. As shown in Fig. 1-11(a), Tesla Motors has built 81 supercharger stations
nationwide, enabling their EVs to travel between west and east coasts uninterruptedly [57]. Their
next-generation 120 kW supercharger can cut the charging time by 33%. The expected
distribution of the Tesla supercharger stations in 2015 is shown in Fig. 1-11 (b), covering 98% of

US population and part of Canada.

Most EV chargers are grid-to-vehicle (G2V) ones, which means they always consume power
from the grid. Actually, one potential future technology allows vehicles to feed electricity back
to the grid — vehicle-to-grid (V2G) technique. This technique can balance the demand of
electricity in the grid [47]. The peak hours of electricity consumption occur in the day time when
most EVs are usually idle. During late night, EVs can be charged when the electricity burden of
the grid is light. With V2G technique, the EVs can send some extra energy back to the grid to

meet large energy demand in the daytime.
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Fig. 1-12. Output current profile for a 125 kW dc fast charger.

The ideal battery charger must be efficient and reliable, with high power density, low cost,

small input current THD and nearly unity power factor [51]. For dc fast charger, there are some
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special requirements [58]. It should have wide output dc voltage range to accommodate different
design voltages of the battery packs in different types of EVs. The output current profile for a
125 kW dc fast charger is shown in Fig. 1-12, where the output voltage varies between 50 V and
700 V [58]. Particularly, 250 V to 450 V is a critical voltage range, where the dc charger should
be optimized on its performance [58][59]. Moreover, the output current ripple should be limited

to less than 1% and the output voltage should be regulated to less than 5% variation [58].

Last but not least, safety is important in the charger design. The frame of EV should be
grounded before the battery is being charged [51]. There is still a debate on battery pack
grounding. Actually it is costly and nearly impossible to realize a completely floating battery
pack in EVs, considering the distributed capacitor and electrostatic discharge (ESD). It is
recommended that the battery pack is grounded with the EV frame with grounding fault
interrupter [60]. The dc fast chargers in a charging station should have galvanic isolation from

the distribution network, so that they will not interact with each other [58].
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Fig. 1-13. Dc fast charger with line-frequency transformer.
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There are mainly two ways to realize the isolation. The line-frequency transformer can be
added before ac-dc stage, as shown in Fig. 1-13. Non-isolated topologies are applied in the ac-dc
and dc-dc converters in this architecture. The other way is to apply the isolated dc-dc stage, as
shown in Fig. 1-14. The high-frequency transformer in the dc-dc converter has much smaller size
than the line-frequency transformer. In a comparison between these two architectures, the one

with line-frequency transformer has higher efficiency due to lower loss in its dc-dc stage [58].

Galvanic isolated

AC DC
DC DC

Fig. 1-14. Dc fast charger with isolated dc-dc stage.

The two-stage architecture is predominant in dc fast EV chargers. For the front-end ac-dc
stage, the diode bridge can be applied with an active power filter (APF) to reduce the input
current distortion [61][62], as shown in Fig. 1-13. The two-level voltage source rectifier (VSR) is
the most popular front-end topology in fast EV charger [58][63][64] for its simplicity, as shown
in Fig. 1-13. The three-level neutral-point-clamped rectifier (NPC) can also be applied as the
front end [51][62][65], but it is not an economic way since the output voltage is not high in this

application.

In the dc-dc stage, multi-phase buck converters are popular for their simplicity and high
efficiency, as shown in Fig. 1-13. With interleaved PWM technique, the output current and
voltage ripples are largely reduced, leading to smaller output filter size and loss [58][61][62].
The LLC resonant converter can be applied as galvanic-isolated dc-dc stage [63]. The phase-shift

full-bridge converter is applied to provide isolation in dc-dc stage in [64].
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Different topologies in ac-dc and dc-dc stages can be combined in the dc fast charger. In

ABB product, the VSR is connected with multi-phase buck converters, as shown in Fig. 1-15.
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Fig. 1-15. Two-stage voltage source converter in ABB charger.

In the two-stage architecture, the input voltage is boosted to a high dc voltage and then
stepped down to charge the battery. With three-phase CSR, the step-down function can be

realized in a single stage, providing the opportunity to increase the efficiency [59][62].

1.2 Motivation

Based on the previous analysis, the three-phase CSRs are advantageous for application in
high power rectifier, data center power supply and fast dc charger for EVs. They have great
potential to increase the power density and efficiency in these applications. However, there are
some challenging hurdles in the application of CSRs, which can not be overcome based on

present techniques.

In [66], the back-to-back current source converter (BTB-CSC) was compared with the back-
to-back voltage source converter (BTB-VSC), three-level boost rectifier (Vienna type) plus
voltage source inverter (NTR-VSI) and 12-switch matrix converter on their weight in motor

drive application. The comparison result of converter weight is shown in Fig. 1-16, where BTB-
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CSC has the largest weight due to its heavy heatsink and dc inductor. Similar comparison results

were got in [67][68].
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Fig. 1-16. Weight comparison of four topologies for ac-ac motor drive [66].

The switches in three-phase current source converters need to have reverse blocking
capability to handle the ac voltage on them. Usually a diode is connected in series with an active
device (IGBT etc.) to form one switch in CSRs. In this way, the dc-link current will flow through
as many as four semiconductor devices in series, leading to much conduction loss. The
conduction loss in CSRs usually accounts for over 50% total converter loss [45][67], requiring

large heatsink size to cool devices.

The other challenge is the bulky dc inductor as energy storage component in CSRs, which
contributed 20% loss [67] and over 40% weight [45]. The dc inductor needs to have large

inductance to limit the current ripple. At the same time, it has high current rating.

The objectives of the research are to evaluate the potential benefits of the three-phase
current source rectifier in high power rectifier, data center power supply and fast dc charger for

EVs, and develop techniques to increase the power efficiency of the current source rectifier.

22



1.3 Dissertation Organization
The chapters in this dissertation are organized as follows.

e The state-of-art research is reviewed in Chapter 2 and the research challenges are given.

e To reduce the device conduction loss, a new topology of current source rectifier is proposed
and implemented, which has delta connection on its input side and the dc-link current can be
shared by multiple devices at the same time. Its principle of operation, suitable modulation
schemes and design method are analyzed and discussed in Chapter 3.

e To evaluate the potential benefit of CSRs, they are compared with traditional topologies on
efficiency and power density in high power rectifier (arc furnace, etc.), data center power
supply and dc fast charger for EVs. The evaluation methods and comparison results are
demonstrated in Chapter 4.

e To fully utilize the high-speed characteristics of SIC MOSFETSs, all-SiC power modules are
built and tested, including the phase-leg module and the converter module. The switching
speed of SIC MOSFETS is pushed high with reduced parasitic inductance. Based on the test
in the converter module, the commutation in the new topology is compared with the one in
traditional topology. The design method and test result are given in Chapter 5.

e To reduce the switching loss of RB-IGBT in current source rectifiers, four different
modulation schemes are compared. The RB-IGBT is compared with the standard IGBT on
switching performance. The switching loss of the CSR is modeled considering different
commutations. The analysis and comparison result are given in Chapter 6.

e To reduce the input current distortion caused by overlap time and slow transition, a

compensation method is proposed. The charge loss/gain is modeled and compensated based
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on the commutation model. The overlap time is minimized to accelerate the transition speed.
The analysis and result are given in Chapter 7.

To reduce the size and loss of the dc inductor, the impact of dc-link current ripple on device
loss and filter size is evaluated. To operate the CSR under large dc-link current ripple, a
control algorithm for discontinuous current mode (DCM) is proposed. The analysis and result
are given in Chapter 8.

To protect SiC devices from overvoltage caused by current interruption, a protection scheme
is proposed and implemented. The response time of the protection is very short and the added
protection circuit will not impact the switching speed in normal operation. The analysis and
result are given in Chapter 9.

To deal with the harmonics and voltage sag in the input ac voltage, a new control algorithm
is proposed in Chapter 10. By adding ac current feedback control and proportional-resonant
(PR) control, the proposed control algorithm can reduce the input current distortion and dc
output voltage ripple under input voltage disturbance.

The conclusions and future work will be given in Chapter 11.

24



2 Literature Review

2.1 Semiconductor Devices

The semiconductor technique is the fundamental force that drives the progress of power
electronics industry. To reduce the conduction loss in the current source converters and matrix

converters, the Reverse Blocking IGBT (RB-IGBT) has been developed in recent years.

The cross section of RB-IGBT is shown in Fig. 2-1. [69][70]. The structure is similar to the
conventional Non-Punch-Through (NPT) IGBT, except that the p* layer in the collector is folded
up by isolation diffusion from bottom to the top at the chip edge [69]. This enables the p*-n’
junction to block the reverse voltage on the device, so that the RB-IGBT has symmetric voltage
blocking capability on both collector-emitter and emitter-collector directions. The equivalent
circuit of RB-IGBT can be seen as a PiN diode connecting in series with MOSFET, as shown in
Fig. 2-1. [71]. There are commercial products of RB-IGBTSs in the industry. IXYS has released
its 1200 V RB-IGBT with 35 A maximum current rating [72]. Fuji has released 600 V RB-

IGBTs with 300 A maximum current rating [73].

Gate Emmitter Equivalent circuit
f Collector
% |
_n+ J

PNP BJT

p+

Collector Emitter

Fig. 2-1. Structure of RB-IGBT and its equivalent circuit.
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Without additional external diode in series to block the reverse voltage, RB-IGBT can
significantly reduce the conduction loss in current source converters. It has been successfully
applied in matrix converters and current source converters. In [74], a 9 KW current source
rectifier with 94% efficiency was built with 600 V/100 A RB-IGBTSs. In [75], a 55 kW current
source inverter was built with RB-IGBT and applied in Hybrid Electric Vehicle (HEV). In [75],
a 15 kW current-fed quasi-Z-source inverter with 98% efficiency was built with RB-IGBT. The

RB-1GBTSs are also applied in matrix converters to save the conduction loss [77][78].

However, the switching speed of RB-IGBTs is much lower than that of standard IGBTS
[70][71][77][78][79]. The reverse recovery current is large when RB-IGBT is reversely turned
off [70]. Due to the large width of the lightly doped drift region, RB-IGBT has large resistance
before the conduction modulation is established, causing voltage overshoot in the turn-on
process [79]. To accelerate its switching speed, a special gate driver was designed for RB-IGBT
in [71]. The modulation scheme should be carefully designed to avoid the transition with high

switching loss [78][79].
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Fig. 2-2. Comparison of on resistance in different semiconductor devices [37].
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The Wide-Band-Gap (WBG) devices, mainly including SiC and GaN devices, are
considered to be the next-generation semiconductor devices for its high operating temperature,
high blocking voltage, low on-resistance and fast switching speed [80][81]. The on resistances of
different semiconductor devices are compared in Fig. 2-2 [37], where the SiC and GaN devices

have much lower on resistance than Si IGBTs under high breakdown voltage.

Commercial SiC Schottky diodes have been released in the market for a long time. They
have no reverse recovery current and are widely applied in power electronics application. CREE
has released the first commercial SiC MOSFET in 2011 and kept improving its performance [82].
The latest discrete SiC MOSFET of CREE has 1200 V voltage rating, 60 A current rating and 25

mQ on resistance. Infineon is supplying commercial SiC JFETs with 1200 V/ 35A rating [37].

In previous research, SiC devices have been applied in current source converters to reduce
the device loss. Most of SiC JFETSs are normally-on devices, which is suitable for application in
current source converters. Because under fault conditions, SiC JFETs can be kept on to
freewheel the dc-link current. In [83], a 2 kW, 150 kHz current source rectifier was built using
SiC JFET and 91.4% efficiency was achieved. In [84], a 2 kW, 100 kHz current source inverter
was built using SiC JFET and Schottky diode and 96.5% efficiency was achieved. In [85], a 3
kW, 200 kHz back-to-back (BTB) current source converter was built using SiC JFET and
Schottky diode and achieved compact design with 92% efficiency. The SiC MOSFETs were

paralleled in a 7.5 kW current source rectifier to realize 98.54% full-load efficiency [86].

The parasitics in the package and circuit are the main factor that limits the switching speed
of fast SiC devices [87][88]. To minimize the parasitics, the SiC devices are suggested to be
packaged in a compact power module. In [88], a SiC power module with only 600 pH loop

inductance was constructed for one phase leg in the voltage source converters. Mitsubishi has
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built 1200 V/1200 A all-SiC power module for high power application [89]. Since the
commutation in the current source converter is much different from the well-understood voltage
source converter, special attention should be paid when designing the power module for current

source converters.

Another promising device is the lateral GaN power device. It is easy to obtain a bi-
directional switch using the GaN lateral HEMTs [161]. Panasonic has developed a 650 V 3.1
mQcm® GaN Gate Injection Transistor (GIT) [162][163] and applied in matrix converter [164]. It
is possible to apply this 4-quadrant switch in CSR to reduce both the conduction loss and the

switching loss in the future.

2.2 Topologies

In previous research, alternative topologies have been proposed for the current source
rectifier. The three-switch current source rectifier is shown in Fig. 2-3, where only three switches
are applied [90]. Compared with the traditional topology, the device cost can be reduced.
However, the conduction loss will increase because the dc-link current flows through six devices

in series.

Fig. 2-3. Three-switch current source rectifier.
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A four-pole current source rectifier was proposed in [91] to control the dc-link voltage and
shape the converter input current into the sinusoidal wave. In this topology, another phase leg is
added between positive and negative dc buses in the traditional topology and its center is
connected with the neutral line. In this way, four voltage levels can be utilized to regulate the

output voltage and input current. The output current ripple can be reduced [92].

The current-fed Z-source rectifier topology was proposed to realize buck-boost function [93].
An impedance network was added on the dc link of the traditional topology, including two
capacitors and two inductors. By introducing the open zero state in the space vector PWM, the

current-fed Z-source rectifier topology can realize boost function as well.

A three-phase buck-type third harmonic current injection rectifier, referred to as SWISS
Rectifier, was proposed in 2012 [59], as shown in Fig. 2-4. In this topology, T+ and T. are
switching under high switching frequency. Three four-quadrant switches Sy, Sy, and Sys are
gated at twice the mains frequency to inject third harmonic current. T. and Dg. form a dc-dc
buck converter, so does T- and Dg.. Since the dc-link current flows through at most five devices
(Dn+, T+, De- and Syp) in series, the conduction loss in SWISS Rectifier is actually larger than

traditional CSR.

NS

Fig. 2-4. SWISS Rectifier.
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In previous research, there is no topology proposed for current source rectifier to effectively

reduce the conduction loss.

2.3  Modulation Scheme

In previous research, most of the research focuses on the commutation in a phase leg of
voltage source rectifier, where an IGBT is commutating with a diode under positive collector-
emitter voltage. The commutations in current source rectifier are different from those in boost
rectifier. The passive turn-on phenomenon of the IGBT has been shown when it is turned on
under zero voltage in current source rectifier [125] and matrix converter [126]. Actually, the two
devices connected in series will exhibit worse switching characteristics than a single device due
to the superposition of the non-ideal semiconductor characteristics, especially when both of them
are minority carrier devices. This phenomenon has not been studied in the previous research. The
switching energy in current source rectifier would be under estimated if this phenomenon is not

considered.

A modulation scheme with minimum switching loss was proposed in [94] and [95] for the
three-phase current source rectifier. The semiconductor switching losses were derived
analytically in [96] and [97]. In [94]-[96], the freewheeling diode Df was not considered in the
analysis. When the freewheeling diode Df is added, the commutation in a current source rectifier
becomes more complex. It involves two types of commutations, the one between two switches
(switch-switch commutation) and the one between a switch and the freewheeling diode (switch-
diode commutation). The switching energy in the switch-switch commutation is usually higher
than the one in the switch-diode commutation, considering the passive turn-on loss of IGBT and
the superposition of the non-ideal semiconductor characteristics. The difference on switching

energy between these two types of commutations was neglected in the previous research [97].
30



Accordingly, the subtleties of the additional commutations were not fully analyzed in the loss

calculation.

Moreover, in current source rectifier, the parasitic capacitance of the non-switching devices
will affect the switching performance of the commutating devices, even though they are kept off
during the transition [44][127]. The impact of the non-switching devices will be considered in

the modeling of the switching loss in this dissertation.

2.4  Control Algorithm

2.4.1 Control in Discontinuous Current Mode

The dc-link inductor is the energy storage component in the buck rectifier. It usually has
large volume because of high inductance and dc-link current. In order to increase the power
density, the dc-link inductance needs to be carefully chosen for normal operation. Typically, it is

designed to limit the current ripple within 15 % to 20 % of the dc current at full load [100][101].

Under light load condition the dc-link current ripple is larger than the dc current, in which
case the buck rectifier works under discontinuous current mode (DCM). Higher switching
frequency and dc-link inductance can reduce but not eliminate the DCM operating range. The
converter dynamic behavior changes significantly in DCM, which renders control algorithms
developed for continuous current mode (CCM) not usable [102][103]. For instance, the control
in dg coordinates assumes a constant dc-link current [99], which induces error in large ripple
applications. The gain of the converter dynamic also changes in DCM, which may cause
instability for the input current control [104]. Additionally, the sampling of the dc-link current is

a significant challenge in DCM. This problem also exists in the three-phase current-source
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inverter and back-to-back current-source converter when the dc-link voltage is fixed under light

load operating conditions.

DCM operation has been extensively modeled and analyzed in the boost rectifier and dc-dc
converters [102][105]-[108]. In [103], a feed-forward control scheme was proposed for the three-
phase VIENNA rectifier in order to compensate the current distortion on the ac inductor under
DCM. Regarding control schemes for the latter, [83][109][129] proposed charge control as a
cycle-by-cycle control technique for the buck rectifier. In [110], the amplitude of the carrier
signal was adjusted according to the sensed dc-link current to compensate the duty cycle error
caused by large ripple. Both control methods are suitable for buck rectifier with large dc-link
current ripple. But they are all analog control methods, which are difficult to realize in digital

controllers.

2.4.2 Compensation of Overlap Time

Overlap time is added in the gate signals of the buck rectifier to prevent dc current
interruption [44][45][111]. The overlap time will cause error in the current control and increase
the low-order harmonics in the input current [112]. The distortion caused by the overlap time is
shown to be proportional to its duration and the carrier frequency [113]. A compensation method
for the overlap time is proposed in [114], which adds overlap time to the gate signal of the switch
that bears reverse voltage. It assumes that the transition time is much smaller than the pulse
width and can be omitted. But this assumption is not precise when the sinusoidal voltage on the

device is crossing zero or the current on the dc inductor is small at light load.

Another distortion comes from the modulation scheme. The 12-sector space vector

modulation has been shown to have lower switching loss compared to traditional 6-sector

32



modulation schemes [94]-[97]. Two sub-sectors are divided according to the input current and
voltage relationship in each 60° sector in Fig. 2. The vector arrangement will be changed to
achieve lowest switching voltage in two sub-sectors. But this will produce irregular pulse
distribution and cause input current distortion at the moment of sector change
[83][114][128][130]. When the arrangement of the vectors alternates near the boundary of two
sub-sectors, the interval between two pulses will become short on one switch and long on its

complementary switch.

2.5 Protection

Large overvoltage occurs when the current of the dc-link inductor is interrupted in current
source converters due to fault gate drive signals [115]. It causes avalanche breakdown and failure
of the semiconductor devices [116]. When applying the SiC MOSFETS, the overvoltage will
reach its breakdown voltage in a very short period due to its high switching speed. It is important
to have a fast overvoltage protection scheme in the current source converter built with SiC

MOSFETs.

In previous research, several overvoltage protection schemes have been proposed for IGBT-
based converters. A diode bridge is applied to detect the overvoltage on the devices in
[115][117]-[119]. Their difference lies on the voltage clamping circuit. In [117]-[119], a
capacitor is used to absorb the energy in the inductor and reduce the overvoltage on the
semiconductor devices. A special pre-charge process is needed for this protection circuit during
converter start-up. Moreover the large capacitor in the protection circuit will worsen the
switching performance of the switches in normal operation. In [115], the Si MOSFETSs in the
protection circuit are operated in avalanche breakdown to clamp the overvoltage. But they are

not designed for this operation mode. An auxiliary IGBT is used in [115] to provide a
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freewheeling path for the dc-link inductor. It can not protect the device when the currents on the

positive and negative buses are not equal in some grounding faults.

2.6 Research Challenges and Approaches

The conduction loss is high in CSR due to the devices connected in series. A new current
source rectifier topology, Delta-type Current Source Rectifier (DCSR), will be proposed.
It has delta connection on its input side and the dc-link current can be shared by more

switches to reduce the conduction loss.

It is unclear what the advantages of CSRs are over conventional voltage source
converters and where CSRs should be applied. The CSRs will be compared with
traditional topologies comprehensively on efficiency and power density in high power

rectifier, power supply for data center and dc fast charger for EVs.

The parasitics in the package and circuit are the main factor that limits the switching
speed of fast SiC devices. To minimize the parasitics, the SiC devices will be packaged

in a compact power module for CSR. The switching speed can be increased.

The switching loss of Reverse Blocking IGBTs (RB-IGBT) is higher than standard
IGBTs. To minimize its switching loss, the space vectors in the modulation should be
arranged to eliminate the transitions with the highest switching losses. Four modulation
schemes will be compared for different device combinations, showing which one is most

efficient.

The charge error caused by overlap time and slow transition will result in input current
distortion. A modified pulse-based compensation method will be proposed to
compensate the charge error and reduce the current distortion.
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e Under low output power, the dc-link current will become discontinuous and the
conventional control can not work consistently well. The three-phase CSR will be
modeled in discontinuous current mode (DCM) and the modulation and control methods
will be proposed for this operating mode to reduce the input current distortion and the

output voltage ripple.

e Overvoltage will occur on semiconductor devices when the dc-link current is interrupted,
leading to avalanche breakdown and damage of devices. A novel overvoltage protection
scheme will be proposed for the three-phase current source rectifier built with SiC

MOSFETSs. It can clamp the overvoltage and dissipate the inductor energy safely.

e The input ac voltage will have harmonics and voltage sag. The rectifier is usually
required to work normally under certain voltage disturbance. A control algorithm will be

proposed to control the three-phase CSR under voltage disturbance and harmonics.

35



3 A New Topology for Current Source Rectifier

In this chapter, a new three-phase current source rectifier is proposed to reduce the device
conduction loss. As shown in Fig. 3-1, the three phase legs in the rectifier are connected in a
delta shape on the input side. In this way, the dc-link current can be shared by more legs during
operation to reduce the conduction loss. Although it needs six more diodes, the current rating of
each diode is only half of those in traditional CSR topology in Fig. 3-2. . The freewheeling diode
Df can also be used to reduce conduction loss. The design of control algorithm, input and output
filters are the same as that in traditional CSR. Since the output voltage must be positive, the
energy can only be transferred unidirectionally in the proposed topology in Fig. 3-1. With the

bidirectional topology in Fig. 3-3, the energy can be transferred in both directions.
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Fig. 3-1. Delta-type Current Source Rectifier.

36



—rrp—e—
ldc
i +
Vas as
Cdc
e Df = Vgc
"aaaa
Ls
—o—
222"

2 L
1 1 1
Qa4 4 1 +
ﬁ v 1 1 kG cdc“_v‘“
10 1 1

Fig. 3-3. Bidirectional Delta-type Current Source Rectifier.

3.1 Operation Principle

For the analysis of the rectifier, its input voltages v,, v, and v, and the fundamental
components i,q, i, and i., of its input currents are defined in (3-1), where V,, and I,,, are the
peak values of the sinusoidal voltage and current respectively, w is the mains angular frequency

and ¢ is the phase difference between v, and i, .

( Vg = Vcos(wt + @),i, = Lycos(wt)
21 21
vy = Vcos (a)t -——+ (p) ,ip1 = Iy cos (a)t - —)
| 21 , 2
kvc =V, cos (a)t + 3 + (p) ,ic1 = Iycos (a)t + ?>
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According to the relationship between the input voltage and current, 12 sectors are divided

in Fig. 3-4 for the buck rectifier. On the space vector plane in Fig. 3-5, the input current space

. 2/(. . 2T 2% 3 ; . . .
vector i’ = \E(lal +ipe’s +iqe’ s ) = \/;Imef“’t can be synthesized by six active space

vectors I,,x = 1,...,6 and a zero vector I,. [x,y],x,y = a, b, c, x # y denotes that the switch
connected with phase a and phase ¢ are conducting the dc-link current in a space vector.
Considering both the switching loss and modulation index range, i, is usually composed by
two consecutive active vectors and the zero vector in each sector [94][95][97]. In the following
analysis, Sector 12 (—n/6 < wt < —¢,V, >V, =V, ) will be selected as an example to

demonstrate the operation principle of the new CSR.

[
8: 9 :10:11 :12:
5m/6 7mw/6 3mw/2 11m/6
Phase angle (rad)

Fig. 3-4. Fundamental components of input current Fig. 3-5. Space vector plane.
and voltage.

3.1.1 Conduction States

The equivalent circuit is shown in Fig. 3-6 for the new CSR in Sector 12 according to the
relationship of the input voltages. For example, the diode D1b is blocked and D1a is conducting

since I/, > V,,. There are more conduction states in the new CSR than in the traditional CSR, as
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shown in Fig. 3-7(a) and (b). In Sector 12, there are seven conduction states in Fig. 3-7 (a) for
the space vector IT [Sx,Sy] ,x,y =1,...,6 indicates the on state of the switches Sx and Sy in
current conduction state. For example, the current flow path is shown in Fig. 3-8 for the

conduction state [(S,S5), (S,.Ss)]. To realize the space vector I;, both S; and Ss are turned on to
share the current in phase a and both S, and Se are turned on to share the current in phase b. In
this way, the dc-link current I;. can be shared by two paralleled devices instead of one in
traditional CSR. The conduction states will change in different sectors according to the
relationship between input voltages. In Sector 1 (—¢ < wt < 7w/6,V, >V, =V,), the equivalent
circuit and conduction states are shown in Fig. 3-9 and Fig. 3-10 respectively, which are different

from that in Sector 12.
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Fig. 3-6. Equivalent circuit of DCSR ) )
in Sector 12. Fig. 3-7. Conduction state [(S1Ss),(S4Ss)].
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Fig. 3-8. Different conduction states in Sector 12 in (a) DCSR and (b) traditional CSR.
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Fig. 3-9. Equivalent circuit of DCSR in Sector 1. Fig. 3-10. Different conduction states
in Sector 1.

3.1.2 Modulation Scheme

The modulation scheme in the traditional CSR can be easily transferred to the one in the
new CSR. The “3-switch” and “4-switch” space vector modulation schemes, which contain three
and four commutations in a switching period respectively, are most widely used in traditional
CSRs because they achieve a good compromise between the switching loss and harmonic current
level [98]. “Modified Fullwave Symmetrical Modulation (MFSM)” was introduced in [94]. The

space vectors in MFSM are arranged to make the switching voltage the lowest, so that the
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switching loss is assumed to be minimum [94][95]. The gate signals of six switches in the
traditional CSR are shown in Fig. 3-11 for MFSM in Sector 12. The modulation scheme can be

characterized through its output voltage v,,, and input currents i, i, and i, in Fig. 3-11.
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| | | |
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Fig. 3-11. Modulation scheme of traditional CSR in Sector 12.

The modulation scheme can be transferred to the new CSR simply by substituting the
conduction state of each space vector with the new one. The modulation scheme for minimum
conduction loss is demonstrated in Fig. 3-12(a). To reduce the conduction loss of the converter, it
is recommended to use as many devices as possible to share the dc-link current. The conduction
state [(5;55), (54S¢)] is selected for the space vector ﬁ instead of [S;,S,], and [(5;55),S,] is
chosen for E instead of [S;,S,]. The switching loss will not change much if the switching energy

is assumed to be proportional to the product of the switching voltage and current. At moment t,,
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both S; and Ss are turned off. Their total switching energy is comparable to the respective one in

Fig. 3-11 since they each carry only half dc-link current.
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Fig. 3-12. Modulation schemes of DCSR in Sector 12 for (a) minimum conduction loss or
(b) least gate signals.

The freewheeling diode Df is usually added to reduce the conduction loss during zero vector
in buck rectifiers. Another modulation scheme is proposed in Fig. 3-12(b) to reduce the gate
signals for the devices. As shown in Fig. 3-12(b), S1 and S4 have the same gate signals and S5
and S2 can share the same gate signal. The total gate signals can be reduced from six to three.

The zero vector is realized by Df in this modulation scheme.
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3.1.3 Control Algorithm

The control algorithm for the new CSR is the same as the one used in the traditional CSR.
In three-phase CSRs, the controller is usually designed in dq rotating coordinate system where
the converter model is time-invariant. Usually the digital controller includes two control loops as
shown in Fig. 3-13 [99][38]. In the outer dc voltage control loop, the voltage on the output dc
capacitor is fed back to the compensator to generate the dc current reference for the inner current
control loop. In the current control loop, the current in the dc-link inductor is fed back to the
current compensator to generate D,, the duty cycle on the d axis. Then the space vectors are
synthesized and the duty ratios d, and d, of two active vectors are calculated for modulator to

generate PWM signal for each switch.

Lac
Vs L AC Cac |+ Table 3-1. Specification of DCSR
Y A0S _T_ . = Vg
? Vass Ics o [ . Output power 7.5 kW
= g Input voltage 480 Vac, 60Hz
pLL m Vac_ref Input inductor 110 pH each phase
e da,dz r Input capacitor 6.8 |F each phase
Dot | SP205 veC00r |— Output voltage 400 Vdc
‘ lde._ref Output capacitor 150 pF
Switching frequency 28 kHz
Fig. 3-13. Control algorithm of DCSR. DC-Link inductor 1.9 mH

The simulation waveforms are shown in Fig. 3-14 for the new CSR with specifications
listed in Table 3-1. The modulation scheme in Fig. 3-12(a) was applied in the simulation. The
input current is almost sinusoidal and in phase with the input voltage. The currents of S; and D,

have three levels (I,., I;./2 and 0), which can be predicted based on the previous analysis.
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Fig. 3-14. Simulation waveforms of new CSR.

3.2 Component Stress and Loss Analysis

In this section, the stress of semiconductor devices and passive components will be
analyzed in detail to provide the design guidelines for the new CSR. To simplify the analysis,

several assumptions are specified:

e The input voltage on the input capacitor C, is assumed to be pure sinusoidal, as defined
in (3-1).
e The fundamental-frequency component of the input current of the buck rectifier has a

phase difference ¢ from the C; voltage, as defined in (3-1).
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e The load current is constant I,;. and the load voltage is constant V...

e The switching frequency f; is assumed to be much higher than the line frequency f.

e The analysis is based on the modulation scheme in Fig. 3-12(a).

e The switching energy has a linear relationship with respect to the product of the

switching voltage v, and current i;. The turn-on energy E,, = kon|vsis|. The turn-off
energy Eorr = kogrlvsisl.
3.2.1 Stress of Semiconductor Devices

1) Switch S;: The maximum voltage stress Vs, nqx,pcsgON the switches in DCSR is 1.5 times

of the maximum line-to-neutral ac voltage V},, , which is given by (3-2).

N W

Vin (3'2)

V.S‘l,max,DCSR =

2Vac

The modulation index is defined as M = 2= = - The average and rms currents of the

lac 3Vmmcos

switch can be derived by

1 271. Idc
Isl,avg = %-]; lsld(wt) = ?

(3-3)

1 (2" 1 +/3Mcose

Is, rms = \/Ef is, “d(wt) = Idc\/g——
0

4

If the freewheeling diode Df is added to freewheel current during zero vector, the current

stress of the switch will be reduced and can be written by

I, _ I43cM | — M(4 - \/§cos<p) (3-4)
1,avg T » 481, rms dc AT
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With the current stress, the conduction loss of S1 can be derived by

Psl,conduction = Isl,avg VSl,on + Isl,rmsstl,on (3-5)
where Vs, ., and R, ,y, are the forward voltage drop and on resistance of the switch.

The switching loss for each switch is given by

\/§me.;ldc (kon + koff)

2T (3-6)

Psl,switching =

2) Branch diodes D14 and Dip: The maximum voltage stress on the branch diodes is the

maximum line-to-line ac voltage v/3V,,,. The average and rms currents of the branch diodes are
given by

lycMsing

1 211. Idc
IDla,avg = %.]; lDlad((Ut) = ? - 4

1 (%" 41 — 6Msing — 3v3Mcos¢
ID1a,rms = \/ﬁf lD1a2d(wt) = Idc\/
0

241
2 (3-7)
n ,
. Idc IchSln(p
Ile,avg :E_]; lled(a)t) :?-I_T
21 : _
I _ i i 2d(wt) = 1 41 + 6Msing — 3v3Mcosg
1p,TMmS 2T o Dqp dc 2477

If the freewheeling diode Df is added to freewheel current during zero vector, the current

stress of the branches will be reduced and can be derived by
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1;.M (2 — sing) M(4 —+/3cosp — 2sing)
»IDqq,rms = Idc

Ibyqiavg = 41 8m
(3-8)
1;cM(2 + sing) M(4 —3cosg + 2sing)
Ile,avg = . yAp prms = ldc 8
With the current stress, the conduction loss of the branch diode can be derived by
PD,conduction = IDla/le,angD,on + IDla/le,rmszRD,on (3-9)

where Vj, », and Rp, ,,, are the forward voltage drop and on resistance of the branch diode.

The current stress is different on the two branches and is closely related to the phase angle
@ as shown in (3-7) and (3-8). As ¢ deviates from zero, the range of each sector will change and
the conduction period of the two branch diodes will be different. When ¢ > 0, D1, has smaller
current stress than Dj,. Otherwise, D1, has smaller current stress. To show their difference, two

parameters are defined as

_ IDla,TmSZ _ IDla,avg
kD,rms - 2 kD,avg - (3-10)

ID1b.avg

Ile,rms

The two parameters under different ¢ and modulation index are shown in Fig. 3-15.
Without freewheeling diode, the difference of the current stress will become larger as modulation
index increases or ¢ deviates from zero, as shown in Fig. 3-15(a). With freewheeling diode,

kp,rms and kp 4,4 are only related with ¢, as shown in Fig. 3-15(b).
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Fig. 3-15. kp rms and kp v Under different ¢ and modulation index (a) without or (b) with
freewheeling diode Df.

3) Freewheeling diode Df: The maximum voltage stress on the freewheeling diode is the

maximum line-to-line ac voltage v3V,,. The average and rms currents of Df are given by

o 3lgM _ 3M
IDf,avg - Idc - T:IDf,rms - Idc 1- ? (3'11)

With the current stress, the conduction loss of the freewheeling diode can be derived by

2
PDf,conduction = IDf,angDf,on + IDf,rms RDf,on (3-12)

where Vpr o, and Ry o, are the forward voltage drop and on resistance of the freewheeling
diode.

3.2.2 Stress of Passive Components

1) Dc-link inductor Lg:: The dc-link inductance is usually selected to limit the dc-link
current ripple within 15% to 20% of the dc component at full load [100]. When ¢ = 0, the peak

value of the ripple can be calculated by
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Ai _ Vdc 1— \/§Vdc
Lgcpeak — 2defs 3Vm

> <75%" I (3-13)
When ¢ = 0, the rms current of the dc-link inductor can be derived by

lLdC,rms

(3-14)

111 x 1072V, \?
- ( X dc) ((1807T +45v3)M? — (352 + 600V3)M + 2407r) + Iy
defs

2) Output capacitor C4c: The maximum voltage stress of Cqc is the dc output voltage. When

¢ = 0, the rms current of the output capacitor can be approximated by

] 1.11 x 10_2Vdc
lcgerms = Laofs

\[(18071 +45v3)M? — (352 + 600V3)M + 2401 (3-15)

3) Input capacitor Cs: The maximum voltage stress of Cs is the maximum ac phase voltage

;.. The rms current of C is given by

41,.%V, L,*
l.C s — dc dc _ m (3-16)
s 3V, cosp 2

4) Input inductor Ls: When ¢ = 0, the rms value of the ripple current in the input inductor

L is given by
AiLS,rms
MI 1 24+/3 398.76 13.5V3 3-17
= = 25.6 — (96 + —— | M2 + ws — (344 223 ) G
fi“LsCq 36864 Y4 T T

For the input filter design, the total harmonic distortion is limited to less than 5%, which is
written by
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[

By, rms < 5% 7= (3-18)

In Table 3-2, the stresses of the semiconductor devices and passive components have been
calculated based on the derived equations and compared with the results from digital simulation
with parameters shown in Table 3-1. The freewheeling diode is added to rectifier in both analysis

and simulation.

Table 3-2. Component stress comparison

Component stress | Analysis | Simulation | Deviation (%0)
Is, avg 409A | 413A 0.97
Is, rms 6.61 A 6.71 A 1.49

Ip,  avg 1.97 A 1.98 A 0.51
Ip,rms 451 A 461 A 2.17
Ip,,avg 2.13 A 2.15 A 0.93
Ip,,rms 4.83 A 4.93 A 2.03
Ip;avg 6.47 A 6.38 A 1.41
Ip ;rms 11.02A | 10.95A 0.64
iy, peak 1.54 A 1.54 A 0.00
[y rms 18.77 A 18.77 A 0.00
ic g rms 0.85 A 0.81 A 4.94
ic,rms 8.45 A 8.68 A 2.65
iy s 0.28A 0.28 A 0.00
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3.3 Comparison with Traditional CSR

In this section, the new CSR will be compared with the traditional CSR on the current stress,

conduction loss and switching loss of semiconductor devices.

3.3.1 Comparison of Device Current Stress

The analytical expressions of the device current stress have been derived in Section 3.2 for
the new CSR. The design procedure has been well demonstrated for the traditional CSR [44][86].
The current stresses are listed in Table 3-3 for the traditional CSR with or without the
freewheeling diode Df. Compared the current stresses of the devices in the two topologies, it can
be seen that the rms current of the switch S; is reduced much in the new CSR. To demonstrate

the difference of the rms currents, the parameter kg, ,, is defined in (3-19), where I ,msTr IS

the rms current of S; in the DCSR and Is, ;s s is the rms current of Sy in the traditional CSR.

IS , ,TRZ
ks, rms = Lsz (3-19)

Isl,rms,SS

The parameter kg, ,.,sis related with the phase angle ¢ and the modulation index M, as
shown in Fig. 3-16(a) when there is no freewheeling diode Df. In this case, kg, . increases as
the modulation index decreases. Because the zero vector will increase under low modulation
index and the current is not shared by two devices in the zero vector. When the modulation index

is fixed, kg, rms Varies with ¢ and has minimum value when ¢ = 0. When the freewheeling
diode Df is added, kg, ,-ms is just related with ¢ as shown in Fig. 3-16(b). The rms current can be

reduced by as high as 25% in the new CSR when ¢ = 0.
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Table 3-3. Current stress in traditional CSR

Without Df With Df
. Iy 1 IyeM M
Switch S, Isl,avg = ?C' IS1,rms = lgc § 151,11179 = CT’ 151'7'"15 = lac ;
. Iy 1 IyeM M
Branch diode D, Ip,avg = ?C' I, rms = lac 3 Ip,avg = CT' Ip,rms = lac T

31, M

IDf,avg = lgc
Freewheeling diode

IDf,rms =lge |1— ?

0.63

061\ /

7 0.59
X~ AN /
0.57 ~— ___,/
0.55
oz T 08 iation ind -1/6 -m/12 0 ™12 /6
P 0.6 odulation index ¢
(a) (b)
Fig. 3-16. kg, s under different ¢ and modulation index (a) without or (b) with freewheeling
diode Df.

3.3.2 Comparison of Device Conduction Loss

Based on the previous analysis, the conduction loss of the semiconductor devices can be
calculated under different operation conditions. The comparison conditions are listed in Table 3-

4. The 1200V SiC Schottky diode from CREE is selected as the branch or the freewheeling diode
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[82]. The switches are realized with either 1200V SiC MOSFET from CREE or 1200V Si Trench
and Fieldstop IGBT [37][82]. The two topologies will be compared under the same chip area of
the semiconductor devices. To generalize the comparison to different power ratings, the chip
area is assumed to have the linear relationship with the current rating of the devices [120]. The
relationship can be derived based on the die datasheets and is given by (3-20), where
A

is the chip area of Si IGBT, A the chip area of SiC MOSFET,

SiIGBT, 1200V SiC MOSFET, 1200V

Agic gioge, 1200y the chip area of SiC Schottky diode, and I is the device current rating (2 times

of the operating current).

Agi 1687, 12007 = (0.95Iy + 3.2) mm?, Ag;. MOSFET, 1200V — (0.521y) mm?,
(3-20)
Asic giode, 1200v = (0.45Iy + 0.59) mm?
In the calculation, the threshold voltages of the Si IGBT and SiC Schottky diode do not
change with the device rating. The on resistance of the device is inversely proportional to its chip
area. The voltage drop V,,, of the device can be given by (3-21), where V, is the threshold voltage,

i the device current, R, the on resistance when the chip area is 4, and R, y is the on resistance

when the chip area is Ay.

Lo Ro N'A
Von =Vo - i+1i%:Ro, Ry = =" (3-21)

Table 3-4. Conditions for conduction loss comparison

Topology New CSR | Traditional CSR
Output power 0 — 100 kW
Input voltage 480 Vac, 60 Hz
Modulation index 0-1
Phase angle ¢ -1/6 — /6
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The conduction loss of the device can be calculated with the process in Fig. 3-17. It is
related with the output power level, modulation index and the phase angle ¢. The comparison
results are shown in Fig. 3-18 when Si IGBT is applied as the switches. The new CSR has 10%
to 15% lower conduction loss than the traditional CSR according to this comparison. If SiC
MOSFET is applied as the switches as shown in Fig. 3-19, the conduction loss reduction can

reach 15% to 20% because SiC MOSFETSs do not have threshold voltage.

Output power level,
Modulatlon index

N

U

Device ch|p area

N

Device on resistance

< evice current ratlng

%

\ 4
Conduction loss

2
V, Ly + Ry

rms

Fig. 3-17. Flow chart of conduction loss calculation.
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Fig. 3-18. Conduction loss comparison with Si IGBT when (a) ¢ =0 or (b) M = 1.
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Fig. 3-19. Conduction loss comparison with SiC MOSFET when (a) ¢ =0 or (b) M = 1.

3.3.3 Comparison of Device Switching Loss

The commutation in the new CSR occurs between three switches rather than two in the
traditional CSR. To analyze the difference on commutation and switching loss, the commutation
circuit is modeled in Saber with the models of SiC MOSFET and Schottky diode from CREE
[82]. In Sector 12 (— /6 < wt < @,V, >V, > V), the commutation circuits are drawn in Fig.
3-20(a) and (b) for the traditional CSR and the new CSR respectively. In Fig. 3-20(a), S is kept

on and Sg is commutating with S,. In Fig. 3-20(b), both S; and Ss are kept on and S, and Sg are
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commutating with S, simultaneously. The parasitic inductance in the circuit is also modeled as

L; =20 nH and L, = 10 nH in the circuit.

P Lac
A—

L L —
Ls [ Ly | lae
51-]':- 531‘:# S5'|é Ly Gate signals
52
E——
ADf
a —¢ b —¢ Cc—4
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L, L, n
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L2
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)

Fig. 3-20. Commutation circuits and gate signals in (a) traditional CSR and (b) new CSR.
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Fig. 3-21. Switching waveforms of traditional CSR: (a) S¢ off (b) S, on (c) Sg on (d) S; off.

56



The switching waveforms have more resonance in the new CSR, as shown in Fig. 3-22. In
the turn-off process of S, and Sg in Fig. 3-22(a), the voltage rise time is longer than that in Fig. 3-
21(a) when only Sg is turned off. Because the total junction capacitance of S4 and Sg is two times
of that of Se, it takes more time to charge it in Fig. 3-22(a). Also the resonance is worse due to
the increased capacitance in the commutation loop. In the turn-on process of S; and Sg in Fig. 3-
22(c), both the current rise time and voltage fall time are less than those in Fig. 3-21(c) when
only Sg is turned on. Because the current is distributed in the two devices, the voltage level of
miller plateau will decrease for each device. The resonance in Fig. 3-22 is damped slower than

that in Fig. 3-21 because of the lower on resistance of device in the commutation circuit.

1 1 1
AAAA A Vse, 100V/div - V., 100V/div
ATTATATAVATATAVAYAVAVAYAVa Y% N
‘ VVVVV\‘ \VAVAVAVE S 0 S
N\ 7\ AN ~
V V \V4 VNV
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I I I A 1\
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Fig. 3-22. Switching waveforms of new CSR
when (a) Sg and S, off (b) S, on (c) Sg and S4 on (d) S, off.
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Fig. 3-23. Switching energy comparison when (a) iz = 10 A (b) ize = 25 A (C) iz = 40 A.

The switching energy is calculated based on the simulation results under different voltage
and current conditions. In Fig. 3-23(a), the new CSR has a little higher switching energy than the
traditional CSR when i;. = 104. When the load current increases, its switching energy is less
than the traditional CSR, as shown in Fig. 3-23(b) and Fig. 3-23(c). The advantage of the new

CSR lies on its lower turn-on switching energy, which is more obvious under higher load current.
3.4 Device Current Sharing

The fundamental idea for reducing the conduction loss is to share the dc-link current in
multiple legs in the new CSR. The current distribution depends on the on-state voltage drop of

the paralleled devices. There might be as high as 50% difference between the on-resistances of

two devices of the same type [82].
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To study the impact of the current sharing to the conduction loss of the devices, the on-state
voltage drops of the three phase legs are assumed to be
Vs, D10 o7 $,D1p * Vs3Dyp o7 S3Dse * VssDse o7 SsDsa = 1:ky:k, where VSny (x=13,5y=
1a,1b,3b, 3¢, 5¢, 5a) is the total on-state voltage drop of the switch Sy and the branch diode Dy,
The conduction loss changes with k; and k,, as shown in Fig. 3-24. The conduction loss when
k, = k, = 1 is selected as the base in the comparison. When k, = k, = 1.5, the conduction loss
increases to 1.25 p.u.. When k; = 1 and k, = 1.5, it increases to 1.12 p.u.. In order to fully

utilize the benefit of the new CSR, the devices in the rectifier should be selected to have close

static characteristics in practice.

Conduction loss (p.

Fig. 3-24. Impact of current distribution on conduction loss.

3.5 Experimental Verification

As shown in Fig. 3-25, a 7.5 kW prototype of the new CSR was built with the specifications
in Table 3-1. The size of the prototype in Fig. 3-25 is 9.125 in (L) <6.875 in (W) x5 in (H). The

semiconductor devices and passive components used in the prototype are listed in Table 3-5.
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1200 V/20 A SiC MOSFETSs and 1200 V/ 18A SiC Schottky diodes are applied as the switches
and diodes respectively in the prototype for their low on resistance and switching loss [82]. The

switching frequency for the prototype is 28 kHz to balance between the efficiency and filter size

[86].
DC capacitor DSPPoard Interface board  Main board
Heatsink Gate drive board AC capacitor
Fig. 3-25. 7.5 kW prototype of new CSR.
Table 3-5. Device and passive components in the prototype
Component Description
Switches SiC MOSFET, 1200 V/20 A, C2M0080120D, CREE
Branch a’;?ogree:""hee"”g SiC Schottky diode, 1200 V/18 A, C4D10120D, CREE

Inout inductor 110 pH, Ferrite R, EE core, 0R45724EC, Magnetics, 13 turns of

P AWGH12 wire
Input capacitor 6.8 uF/330 Vac, film, B32916A3685, EPCOS

1.9 mH, Nanocrystalline, C core, MK Magnetics

DC-link inductor
42 turns of copper foil (cross section area = 12.9 mm?)

Output capacitor 3x50 puF/450 Vdc, film, B32776G4506, EPCOS
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The architecture of the prototype is drawn in Fig. 3-26. The Texas Instrument DSP F28335
is applied as the controller for the converter. The interface board is used for signal conditioning,
auxiliary power supply and hardware protection. The main power is carried by the main board.
The gate drive board is inserted between the semiconductor device and the main board. In this
way, the common source inductance can be minimized to reduce the interference in the gate
signals [121]. The photo of a single gate drive board is shown in Fig. 3-27(a) with one switch
and two branch diodes on it. The three poles are used to connect with the ac and dc buses on the
main board. There are six gate drive boards and one freewheeling diode board in the prototype
converter, as shown in Fig. 3-27(b). With this structure, the prototype converter can also be
configured as a traditional CSR. The two ac poles can be shorted on the gate drive board and
connected to the same ac bus. It is convenient to compare the performance of the two topologies

with single prototype converter.

| DSP board |

External

Iabc; Vabc,
start/stop

|dm Vdc

PWM

Interface board

PWM Hardware Auxiliary
lave, Vabe protection power supply lac, Ve
Y

Main board

PWMll Gate drive PWMll Gate drive
power supply power supply

|Gate drive board] ® e [Gate drive board|

Heatsink

Fig. 3-26. Architecture of the prototype.
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(a) (b)

Fig. 3-27. Gate drive board in the prototype: (a) Single board and (b) Assembled boards
mounted on the heatsink.

In the experiments, the prototype converter is configured first as the new CSR then the
traditional CSR and run up to the 8 kW output power. The experimental waveforms of the new
CSR are shown in Fig. 3-28. The input current i, has almost sinusoidal waveform and is in
phase with the input voltage v,;. The dc-link current i . is controlled well at 20 A. The gate
signal of the switch S1 is shown as v, in Fig. 3-28 as well. The traditional CSR has similar

experiment waveforms with the new CSR, as shown in Fig. 3-29.

The input current total harmonic distortion (THD) and the power factor are shown in Fig. 3-
30 under different output power. The new CSR can achieve unity power factor and low input

harmonics in most of the power range.
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Fig. 3-30. Input current THD and power factor.

The semiconductor device loss of the new CSR and the traditional CSR can be calculated
based on the analysis in previous sections. The loss of passive components can be calculated
according to the method in [86]. The loss breakdown of the two topologies is shown in Fig. 3-31
based on the calculation when output power is 8 kW. The new CSR can save much conduction

loss of the switches while keep other parts of loss comparable to the traditional CSR.
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Fig. 3-31. Calculated loss breakdown and comparison.

The efficiency of both topologies is measured with YOKOGAWA PZ4000 and compared
with the calculated efficiency under different output power in Fig. 3-32. The new CSR has

higher efficiency over the whole power range.
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Fig. 3-32. Calculated and measured efficiency for the two topologies.

When the input voltage drops to 400 V, the conduction loss will increase, but the switching
loss will decrease. As shown in Fig. 3-33, the loss breakdown of the two topologies is compared

with the one under 480 V input voltage.
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The experimental waveforms under 400 V input voltage are shown in Fig. 3-34. With 400 V

or 480 V input voltages, the measured efficiency curves are compared in Fig. 3-35. The new

topology has higher efficiency than the traditional topology. For the same topology, the

efficiency is higher when the input voltage is 400 V and the output power is low. The savings on

the switching loss is higher than the increased conduction loss in these cases. When the output

power is high, the efficiency will drop under 400 V input voltage due to the increased conduction

loss.
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The new topology is further tested and compared with the traditional one under different
switching frequencies. The input voltage is 480 V and the output voltage is 400 V. As shown in
Fig. 3-36 and Fig. 3-37, the dc-link current ripple is reduced as the switching frequency increases.
The efficiency curves are measured and compared in Fig. 3-38 under different switching
frequencies. The new topology has higher efficiency than the traditional one under different
switching frequencies. The increased converter loss (mostly device switching loss) is shown in
Fig. 3-39 when the switching frequency increases from 28 kHz to 46 kHz. In most cases, the new

topology has lower loss incensement because of its higher switching speed.
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3.6 Conclusion

A new current source rectifier topology is proposed in this chapter. It has delta connection
on its input side and the dc-link current can be shared by more switches to reduce the conduction
loss. The conduction states and modulation schemes are analyzed for the new topology. The
analytical equations of the current stress have been derived for the design of the new CSR.
Compared with the traditional CSR, the proposed topology has lower device current stress and
conduction loss. A 7.5 kW prototype was built to validate the performance of the proposed

topology. It has been shown experimentally that the new CSR has higher efficiency over the

traditional CSR.
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4 Topology Comparison

The current source rectifier can be applied in high power rectifier (aluminum smelter, dc arc
furnace, copper refinery, et al.), fast electric vehicle (EV) charger and data center power supply.
In this chapter, the current source rectifier topologies will be compared with other wide-applied

topologies on their efficiency and power density.

4.1 High Power Rectifier

In high power application, the rectifier usually has very high output current (up to hundreds
kA) but comparatively lower output voltage (up to several kV). A step-down function is needed
in these rectifiers and the output currents and voltages need to be well regulated in a wide range.
The multiple-pulse thyristor rectifiers are widely applied in this application for its lower cost and
high efficiency. Two current source rectifier topologies are compared with the 12-pulse thyristor

rectifier in a 3.2 MW high power system, as shown in Fig. 4-1.

The specification of the system is listed in Table 4-1. The input voltage is stepped down
from 22 kV at point of common coupling (PCC) to 750 V through a transformer. The output
voltage will vary in the process of dc arc furnace. The converter loss only includes the

semiconductor loss (switching and conduction loss) for efficiency calculation.
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Table 4-1. High power rectifier specification

Topology

12-pulse thyristor rectifier

Current source rectifier

Traditional

New

Output Power

3.2 MW

Input Primary Voltage

22 kVrms (line to line), 60 Hz

Input Secondary Voltage

750 Vrms (line to line), 60 Hz

Input Secondary Current

1240 Arms each phase each converter

Output DC Current 3900 A
Output Voltage 180 - 820V

Modulation Index 0.2-0.9
PCC Power Factor >0.95
PCC Current THD < 5%
PCC Voltage THD <2%
Operating Temperature 50°C
Junction Temperature 125°C

The simulation waveforms of the 12-pulse thyristor rectifier are shown in Fig. 4-2. In Fig.

rectifiers.

When the modulation index is 0.2, the output voltage is 180 V, the firing angle increases to

0.17 on the secondary side of the transformer.
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4-2(a), the modulation index is 0.9, the output voltage is 820 V, the firing angle is 34°, and the
output power is 3.2 MW (1 p.u.). The output voltage has sixth order harmonic. With the
interleaved rectifiers, the harmonics can be largely reduced in the primary-side current i,,,. The
harmonic filter can be added on the primary side of the transformer to reduce the total harmonic
distortion (THD) and increase the power factor at PCC. But the power factor on the secondary

side is only 0.81, indicating large amount of reactive power circulating in the transformer and

77° and the output power is 0.7 MW (0.22 p.u.) in Fig. 4-2(b). The power factor drops to only
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Fig. 4-2. Simulation waveforms of 12-pulse thyristor rectifier: (a) M = 0.9, Vdc =820 V; (b) M
=0.2,Vdc =180 V.

The simulation waveforms are shown in Fig. 4-3 for the PWM current source rectifiers. As
shown in Fig. 4-3(a), the dc output voltage is in PWM shape with 1.6 kHz switching frequency.
The harmonics can be easily filtered out with small dc-side filter. The current and voltage are in
sinusoidal shape with small ac capacitors (0.1 p.u.). The power factor is 0.95 on both primary

and secondary sides of the transformer.
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Fig. 4-3. Simulation waveforms of current source rectifiers: (a) M = 0.9, Vdc =820 V; (b) M =
0.2, Vdc =180 V.

When the modulation index is reduced to 0.2 in Fig. 4-3(b), the power factor can be kept at

0.95 with reactive power control in the current source rectifiers.

In the 12-pulse thyristor rectifier, the phase control thyristor from ABB (5STP 30H1801,
1800 V/3108 A) is applied for each switch. The HiPak IGBT modules from ABB (5SNA
3600E170300, 1700 V/3600 A), as well as HiPak diode module from ABB (5SLA 3600E170300,
1700 V/3600 A), are connected in series as switches in the current source rectifiers. The device

loss is listed in Table 4-2 for three different topologies. The switching frequency is 1.6 kHz for
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the current source rectifiers to reach 99% converter efficiency. Without series-connected devices,

the 12-pulse thyristor rectifier has much lower conduction loss than the current source rectifiers.

The new current source rectifier has lower conduction loss than the traditional one.

The transformer and filter ratings are listed in Table 4-3. Since the 12-pulse thyristor

rectifier generates much reactive power when the firing angle deviates from 0, its transformer

rating is higher than that of CSRs and more capacitors are needed to compensate the power

factor.
Table 4-2. Semiconductor loss comparison
Topology Conduction Switching Total loss Condition
loss loss
12-pulse thyristor 8541 W 8541 W
o 0 (0.003
rectifier (0.003 p.u.)
p.u.)
7333 W M=0.9
Traditional CSR (02‘(‘)%%8 VX) (0.002 p.u. (f)lgf ! XV) Pout = 3.2 MW (1
PUOPU) 1600 HZ) | 0 P p.u.)
7333 W 27036 W
New CSR (019070%3 VX) 0.002pu. | (0.008
SUOPU) T =1600Hz) | p.u)
Table 4-3. Transformer and filter rating comparison
Topology Transformer rating Filter rating

12-pulse thyristor rectifier

4.0 MVA (1.25 p.u.)

3.3 MVA (1.03 p.u.)

Traditional CSR

3.2 MVA (1 p.u.)

0.32 MVA (0.1 p.u.)

New CSR

3.2 MVA (1 p.u.)

0.32 MVA (0.1 p.u.)
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Table 4-4. 4.0 MVA transformer loss in 12-pulse thyristor rectifier

Parameter Value Parameter Value
F’”ma'fy winding 0.3954 Q/phase Primary rated current 105.0 A
resistance
Secondary winding 1 | 14893 Q/phase | Secondary rated current 1540 A
resistance
Secondary winding 2| 1631 Q/phase Core loss 3040 W
resistance
Primary rms current 105.6 A Secondary rms current 1592 A
Primary _eddy loss 2 862 Secondar){ eddy loss 5600
harmonic factor harmonic factor
Primary stray loss 1083 Secondary_ stray loss 1333
harmonic factor harmonic factor
DC resistance loss 29220 W Eddy current loss 13093 W
48373 W
Other stray loss 3020 W Total loss (0.015 p.u.)
Table 4-5. 3.2 MVA transformer loss in CSRs
Parameter Value Parameter Value
anary winding 0.4943 Q/phase Primary rated current 83.98 A
resistance
Seconda_lry winding 0.003059 Q/phase | Secondary rated current 2464 A
resistance
Core loss 2432 W
Primary rms current 84.09 A Secondary rms current 2467 A
Primary _eddy loss 1.3455 Secondar){ eddy loss 1.3455
harmonic factor harmonic factor
Primary stray loss 10153 Secondar){ stray loss 1.0153
harmonic factor harmonic factor
DC resistance loss 22114 W Eddy current loss 2658 W
29676 W
Other stray loss 2472 W Total loss (0.009 p.u)
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Based on the method proposed in IEEE Standard C57.18.10-1998, the transformer loss can
be calculated, including dc resistance loss of windings, eddy current loss, core loss and other
stray loss. The calculated transformer loss of the 12-pulse thyristor rectifier and the CSR are
listed in Table 4-4 and Table 4-5 respectively. Because of lower harmonics and less reactive

current, the transformer in CSRs has much lower loss than the one in 12-pulse thyristor rectifier.

The transformer loss and the semiconductor device loss are two main parts in the high
power rectifiers. They are calculated in Table 4-6 and drawn in Fig. 4-4. The CSRs have higher
device loss but lower transformer loss. The new CSR has comparable efficiency with the 12-
pulse SCR rectifier. Considering larger power rating of the transformer and filter, the 12-pulse

SCR rectifier will have lower power density than the CSRs.

Table 4-6. Transformer loss and semiconductor device loss comparison

Topology Transformer loss | Device loss | Total loss and efficiency
12-pulse SCR rectifier ( g %31753;?;) (085331 XJ-) 5968921 ;‘ (}/’2’
Traditional CSR ( 5%%;6;’1‘;) ( 5%%293;71\1’) 39399 W
o | gy |dn| R
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Fig. 4-4. Loss comparison chart for high power rectifiers.

4.2 Power Supply for Data Center

The architecture of the power supply system is shown in Fig. 4-5 for the next-generation
data center. The active front end needs to step down three-phase 480 Vac to 400 Vdc. Instead of
two-stage voltage source converter, the current source rectifiers can realize this function in a

single stage, which has potential to increase the efficiency.

h I
I [ |
I 1 ! g : 1 b |
480V 3D 1 | I 400V DC  |! 112 vi il Vi il
ey . —— _ _EleCtr-| !
AC : - : On board | 1 DC ! !DC oads ! :
i | ' b -

| I

Rack Mother Board HV POL

Fig. 4-5. Architecture of the power supply in data center.

The predominant topologies in the market are phase-modular rectifiers shown in Fig. 4-6(a)
and Fig. 4-6(b), which is formed with two or three single phase rectifiers. The topology in Fig. 4-
6(a) is proposed by Delta Electronics and applied as active front end in the next-generation data
center of IBM. The topology in Fig. 4-6(b) is constituted by three single-phase boost rectifiers,

which is widely applied in traditional data center power supply.
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Fig. 4-6. Topologies for data center power supply: (a) Three-phase buck-boost rectifier; (b)
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Table 4-7. Topology cons and pros

Topology

Phase-modular

rectifier
Buck-
boost Boost

Three-
phase
CSRs

Three-phase load balance

Device voltage stress

Output/input voltage range

Control complexity

Device loss

Dc capacitor size

® 00060606
®000eoe

66606 ean

The traditional and new current source rectifiers are drawn in Fig. 4-6(c) and Fig. 4-6(d)
respectively. The four topologies have their cons and pros, which are listed in Table 4-7.
Although the three-phase buck-boost rectifier has wide output/input voltage range, it has more
control complexity and device loss (more devices in series). Three single-phase boost rectifiers
will have large neutral current under unbalanced three-phase load. The dc capacitor size is larger
in phase-modular rectifiers since they have to filter out low-frequency harmonics on the dc side.

The device voltage stress is larger in CSRs. The specification of the designed rectifier is listed in

Table 4-8.
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Table 4-8. Front-end rectifier specification

Phase-modular rectifier | Current source rectifier
Topology i,
Buck-boost Boost Traditional New
Output Power 15 kW
Input Voltage 480 Vrms (line to line), 60 Hz
Input Current 18 Arms
Output Voltage 400 Vdc
Output Current 37.5A
Output Voltage Ripple <5%
Input Power Factor >0.99
Input Current THD <5%
Operating Temperature 50°C
EMC Standard EN55022 ClassB

All the four topologies are modeled and simulated. The simulation waveforms are shown in
Fig. 4-7 for three-phase buck-boost rectifier. The current in the boost inductor is not constant and

much low-frequency current is filtered out by dc capacitor.

The simulation waveforms are shown in Fig. 4-8 for the single-phase boost rectifier. Three
of them can constitute a three-phase rectifier. The output voltage has second-order voltage ripple.

The simulation waveforms are shown in Fig. 4-9 for the current source rectifiers.
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Fig. 4-9. Simulation waveforms of current source rectifier.

The primary design goal for the power supply is high efficiency. SiC devices are applied as
switches and paralleled to reduce the conduction loss. As shown in Fig. 4-10, the device
conduction loss can be calculated with different number of devices in parallel. Six SiC JFETs

and six SiC diodes are paralleled in the current source rectifiers.

Another design variable is the switching frequency. The rectifier is designed under different
switching frequency for high efficiency, as shown in Fig. 4-11. The size and loss of the filter
decrease as the switching frequency increases in the rectifier. But the switching loss will increase.
28 kHz switching frequency is selected for the current source rectifiers. The design results are

shown in Fig. 4-12.

Similarly, the other three topologies can be designed. The loss and solid volume of four
topologies are compared in Fig. 4-13. The current source rectifiers have lower loss and solid
volume. The new CSR has similar loss and volume with the traditional one. But its total device

rating is much lower, indicating fewer devices are needed in it, as shown in Fig. 4-14.

82



30,
Q FSiC JFET ‘
N BSiC Diode
=25
=) \
SN
PR N
S N
3 1ﬂ.\ ~o
3 | “m Q
019 ~ - SN
"T—E_?_ - ﬂ
5 10

4 6 8
Number of Paralleling Devices

Fig. 4-10. Conduction loss vs. device number.

1.2

M Loss
M Volume
I Weight

20kHz 35kHz 46kHz 70kHz

Fig. 4-11. Design under different switching frequencies.

Loss distribution Volume distribution Weight distribution
Heat sink ower
% dpevices He:;:ink
6%
EM;;LIt:r&‘ ' EMZI(:;:er "EM]_I;,I:H

Cdc
3%

Fig. 4-12. Design results for traditional current source rectifier.
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4.3 Dc Fast Charger for EVs

For off-board dc fast EV charger (Level 3), the input three-phase voltage needs to be
stepped down to charge the battery in EVs. With traditional voltage source converters, the input
voltage is boosted in the first stage and then stepped down in the second stage, leading to higher
converter loss. With the three-phase current source rectifiers, this function can be easily realized

in a single stage. In this part, the CSRs are compared with two-stage voltage source converter

(VSC) for fast EV charger application.

Three topologies under comparison are shown in Fig. 4-15, including the two-stage VSC

(three-phase voltage source rectifier + multiphase buck converter) in Fig. 4-15(a), the traditional
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CSR in Fig. 4-15(b), and the new CSR in Fig. 4-15(c). Energy can be transmitted bidirectional in
these topologies. In this section, three topologies are compared under certain constraints first.
Then a multi-objective design method is proposed and the comparison is generalized under
different constraints and design goals. The specification of the designed system is shown in

Table 4-9.

Three-phase VSR o Multiphase buck converter
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Fig. 4-15. Topologies for fast EV charger: (a) Two-stage VSC; (b) Traditional CSR; (c) DCSR.
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Table 4-9. EV charger specification

Current source rectifier
Topology Two-stage VSC —
Traditional New
Max Output Power 50 kw
Input Voltage 480 Vrms (line to line), 60 Hz
Max Input Current 60 Arms
Output Voltage 50 - 500 Vdc
Max Qutput Current 125 A
Output Voltage Ripple <05V
Input Power Factor >0.99
Power Efficiency > 98%
Input Current THD < 5%
Operating Temperature -10-50°C

4.3.1 An Example

In this design, the semiconductor device loss is 600 W for all three topologies. 1200V SiC
MOSFET CPM2-1200-0025B and 1200 V SiC Schottky diode CPW4-1200S020B from CREE
are applied in three topologies. To reduce the conduction loss, several devices can be paralleled
in the design. The number of the paralleled devices can be selected based on the conduction loss
curve, as shown in Fig. 4-16(a). According to this curve, 4 SiC MOSFETSs are paralleled in the
main and freewheeling switches, as shown in Fig. 4-16(b). Similar method is applied in the other

two topologies, as shown in Fig. 4-17 and Fig. 4-18.
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Fig. 4-16. Device selection in traditional CSR: (a) Conduction loss curve; (b) Device selection.
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Fig. 4-18. Device selection in two-stage VSC: (a) Conduction loss curve; (b) Device selection.

Based on the selected devices, the conduction loss can be calculated. The switching
frequency is selected for each topology to make the total device loss less than 600 W. The
junction temperature is assumed to be 150°C and the air flow is at 2 m/s for cooling. The
extrusion heatsink 83250 from Aavid is used to cool the devices. The power stage designs are
compared in Table 4-10 for three topologies, where Ry, ¢, is the thermal resistance from heatsink
to ambient. The conduction loss of two-stage VSC is much lower than that of CSRs. Compared

with the traditional CSR, the new CSR has lower conduction loss and smaller die area.

The dc side filter includes the dc inductor and dc capacitor. The current ripple in the dc
inductor is assumed to be 25 A (20% full load current). The peak current ripple appears when the
output voltage is between 300 V and 400 V. The dc inductance needs to limit the current ripple

under variable output voltage, as shown in Fig. 4-19.
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Table 4-10. Power stage design comparison

Topology Traditional CSR | New CSR | Two-stage VSC
Total conduction loss 496 W 471 W 233 W
MOSFET die area 1352 mm? 1196 mm® 936 mm’

o v VSR 80 kHz
Switching frequency 24 kHz 30 kHz Buck 26.7 kHz
Total switching loss 104 W 129 W 367 W

Total device loss 600 W 600 W 600 W
Rnsa of heatsink 0.150C/W 0.148C/W 0.146 C/W
_ 0.3, 0.25
éo.zs / 'g o
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g 0.2 =
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Fig. 4-19. Dc inductance requirement: (a) Traditional CSR; (b) New CSR; (c) Two-stage VSC.

The dc capacitor is selected to limit the output voltage ripple less than 0.5 V. For the two-

stage VSC, the intermediate capacitor between two stages is designed to make the cascaded

system stable. The designs of the dc filter are compared in Table 4-11 for three topologies.
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Table 4-11. Dc filter design comparison

Topology Traditional CSR New CSR Two-stage VSC
DC inductor 283 uH 226 uH 263 pH for each phase
DC capacitor 260 uF@500Vde | 208 uF@500Vdc 78 uF@500Vdc
Intermediate capacitor - - 32 uF@700Vdc
Total loss 135W 88 W 160 W
Total volume 3131 em’ 2847 cm’ 2751 em’

The ac filter is used to filter out the harmonics and keep the total harmonic distortion (THD)
of the input current less than 5%. For CSRs, the ac capacitor is selected to limit the reactive
power less than 5%. The input voltage ripple should be limited to be less than 15% for normal
operation. For two-stage VSC, the input boost inductor is selected based on THD requirement.
The grid inductance is assumed to be 10 uH. The designs of the ac filter are compared in Table

4-12.

Table 4-12. Ac filter design comparison

Topology Traditional CSR New CSR Two-stage VSC
AC inductor - - 200 pH each phase

AC capacitor | 20 pF each phase | 16 pF each phase -
Total loss 12 W 12 W 73W
Total volume 396 cm® 396 cm® 2601 cm®

The simulation waveforms of three topologies are shown in Fig. 4-20, Fig. 4-21 and Fig. 4-

22. The converters work well with the designed filters, meeting the specification in Table 4-9.
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Fig. 4-21. Simulation waveforms of new CSR.
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Fig. 4-22. Simulation waveforms of two-stage VSC.

The converter loss breakdown is shown in Table 4-13 and Fig. 4-23. The converter volume

breakdown is shown in Table 4-14 and Fig. 4-24. The two-stage VSC has much lower
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conduction loss than the CSRs. But its large boost inductor has much loss and volume. The new

CSR has the highest efficiency and power density in this comparison.

Table 4-13. Loss breakdown

Topology Traditional CSR [New CSR| Two-stage VSC
Device conduction 496 W 471 W 233 W
Device switching 104 W 129 W 367 W
DC inductor 135W 88 W 157 W
Intermediate capacitor - - 3W

AC inductor - - 73 W

AC capacitor 12W 12W -
Total 747 W 700 W 833 W

Table 4-14. VVolume breakdown

Topology Traditional CSR | New CSR | Two-stage VSC
Heatsink 945 cm’ 978 cm’ 1011 cm’
DC capacitor 359 cm® 311 cm’ 101 cm’
DC inductor 2772 e’ 2536 cnn’ 2550 cm’
Intermediate capacitor - - 101 cm®
AC inductor - - 2601 cm’

AC capacitor 396 cm’ 396 cm’ -

Total 4472 cm’ 4221 cm’ 6364 cm’
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When the output voltage varies from 50 V to 500 V, the loss and efficiency are compared in
Fig. 4-25. The new CSR has higher efficiency than the two-stage VSC when the output voltage is
higher than 200 V. When it is lower than 200 V, the switching loss is largely reduced in VSC,

leading to higher efficiency in VSC.
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Fig. 4-25. Loss and efficiency under different output voltages.
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4.3.2 Multi-Objective Converter Design

The previous comparison is under certain constraints and the conclusions may not be
general. To generalize the comparison under other design objectives and constraints, a multi-
objective converter design method is proposed in Fig. 4-26. The main performance indices of the
converter are the efficiency, the power density and specific power. Two design variables are the
semiconductor die area and the switching frequency f,. Based on the database of commercial

products, the capacitor and inductor can be optimized for either high efficiency or high power

density.

w@onverter specifications

‘ Design variables (Die area, fs) ‘(—

. Capacitance and Inductance, peak
Semiconductor
h rms current current and rms
loss calculation p .
calculation current calculation
Capacitor Inductor

Heatsink design

selection in
database

optimization with
core database

Total volume, loss, weight and cost

v

___—Performancé —_
< A //
— |nd|c<is////

——
Yes

- -
( Simulation verification

No

Fig. 4-26. Multi-objective design process.

Given converter specifications and performance indices, the multi-objective design program
can automatically optimize the converter design. The whole method is based on the analytic

model of the converters derived in previous research work. Without any real-time simulation, the
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optimization runs very fast. To demonstrate the design process, three optimizations are carried

for different design objectives.

The first optimization is for highest power density. Meanwhile, the converter efficiency
should be kept higher than 98%. The device die area is the same in all three topologies. When die
area = 1000 mm?, the converter volume changes with the switching frequency, as shown in Fig.
4-27. For each point in the curve, the converter volume is minimized under corresponding
switching frequency. As the switching frequency increases, the filter size decreases while the
heatsink size increases. Because of lower conduction loss of VSC, it can be pushed to higher

switching frequencies, as shown in Fig. 4-27(c).
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Fig. 4-27. Volume vs. Switching Frequency: (a) Traditional CSR; (b) New CSR; (c) Two-stage
VSC.
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The designs with minimum volume are listed in Table 4-15. With small device loss, the
two-stage VSC saves much on heatsink volume. It has the highest power density in this case.

With less conduction loss, the new CSR has smaller heatsink size than traditional CSR.

Table 4-15. Design for minimum volume

Topology Traditional CSR | New CSR | Two-stage VSC
Heatsink 2224 cm’ 1796 cm’ 934 cm’
DC capacitor 218 cm’ 218 cm’ 43.5 cm’
DC inductor 1709 cm’ 1709 cm’ 1545 cm’
Intermediate capacitor - - 100 cm’
AC inductor - - 383 cm’

AC capacitor 376 cm’ 376 cm’ -

Total 4527 em’ 4099 cm’ 3005 cm’

The comparison can be carried out under different die area. The power density is compared
in Fig. 4-28 and the volume breakdown is shown in Fig. 4-29. As the die area increases, the
conduction loss becomes closer in three topologies and the heatsink size is reduced. With smaller

filter size, the power density of the new CSR is higher than two-stage VSC when die area = 2500

mm?.
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Fig. 4-28. Power density comparison with different die area.
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Fig. 4-29. Volume breakdown in the design for high power density.

The second optimization is for highest specific power. Meanwhile, the converter efficiency
should be kept higher than 98%. The device die area is the same in all three topologies. When die
area = 1000 mm?, the converter weight changes with the switching frequency, as shown in Fig.
4-30. For each point in the curve, the converter weight is minimized under corresponding
switching frequency. As the switching frequency increases, the filter weight decreases while the
heatsink weight increases. Because of lower conduction loss of VSC, it can be pushed to higher

switching frequency, as shown in Fig. 4-30(c).
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Fig. 4-30. Weight vs. Switching Frequency: (a) Traditional CSR; (b) New CSR; (c) VSC.
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The designs with minimum weight are listed in Table 4-16. The new CSR has comparable
specific power with the two-stage VSC. The comparison can be carried out under different die
area. The specific power is compared in Fig. 4-31 and the weight breakdown is shown in Fig. 4-

32. As the die area increases, the new CSR has higher specific power than the two-stage VSC.

Table 4-16. Design for minimum weight

Topology Traditional CSR [New CSR| Two-stage VSC
Heatsink 2777 g 2824 g 2658 g
DC capacitor 120 g 80 g 20g
DC inductor 3892 g 2705 g 2331 g
Intermediate capacitor - - 45 ¢
AC inductor - - 704 g
AC capacitor 171 g 171 g -
Total 6960 g 5779 g 5758 g
~14
12
ilo
o 8 ECSR
2
S 6 | = New CSR
g 4 mVSC
g 2
9 0

Die area =1000mm? Die area =1500mm?2 Die area =2000mm?

Fig. 4-31. Comparison of specific power with different die area.
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Fig. 4-32. Weight breakdown in the design for high specific power.

The third optimization is for highest efficiency. Meanwhile, the converter weight needs to
meet the maximum weight constraint. The devices can be paralleled to reduce the conduction
loss. The paralleling number of the device can be selected based on the conduction loss curves in
Fig. 4-16(a), Fig. 4-17(a) and Fig. 4-18(a). When the maximum weight is 10 kg, the converter
loss changes with the switching frequency, as shown in Fig. 4-33. For each point in the curve,
the converter loss is minimized under corresponding switching frequency. As the switching

frequency increases, the filter loss decreases while the device loss increases.
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Fig. 4-33. Loss vs. Switching Frequency: (a) Traditional CSR; (b) New CSR; (c) VSC.
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The comparison can be carried out under different weight constraints. The efficiency is
compared in Fig. 4-34 and the loss breakdown is shown in Fig. 4-35. Without any weight
constraint, the VSC has the highest efficiency. But its filter weight is more than 10 times of the

one in CSRs in this case. With some weight constraints, the new CSR has the highest efficiency.
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Fig. 4-34. Comparison of efficiency with weight constraints.
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Fig. 4-35. Loss breakdown in the design for high efficiency.

The Pareto front can be drawn for three topologies on the efficiency-power density plane
with the proposed design method. As shown in dash lines in Fig. 4-36, each point in the curve
indicates an optimized design under corresponding efficiency and power density. Each Pareto
front includes two curves. One is the “horizontal” curve, which indicates the maximum
efficiency the converter can reach under certain power density constraint. The other is the

“vertical” curve, which indicates the maximum power density the converter can reach under
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certain efficiency constraint. The area enclosed by these two curves is the design space, which
contains all the possible designs for the converter. The spots in Fig. 4-36 indicate the designs in

Fig. 4-28 and Fig. 4-29. They are very close to the Pareto front.

When die area = 1000 mm?, the CSRs has smaller design space than two-stage VVSC. When
the die area increases to 2000 mm?, the design spaces of three topologies are comparable. When
the die area increases further to 2500 mm?, the new CSR has the largest design space. The new

CSR always has more design space than the traditional one.
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Fig. 4-36. Pareto front in efficiency-power density plane: (a) Die area = 1000 mm?; (b) Die area
= 2000 mm?; (c) Die area = 2500 mm?.

4.4 Conclusion

The new CSR has been compared with other predominant topologies on efficiency and

power density in high power rectifier, power supply for data center and fast EV charger. It has
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comparable efficiency and higher power density than the 12-pulse thyristor rectifier in high
power rectifier application. It has higher efficiency than the phase-modular rectifiers in data
center power supply. It has higher efficiency and power density than two-stage voltage source

converter in fast EV charger when more die area is allowable in the design.

102



5 AIllI-SiC Power Module for CSRs

5.1 Analysis of Switching Loss in VSR and CSR

The topologies of current source rectifier (CSR) and voltage source rectifier (VSR) are
shown in Fig. 5-1 and Fig. 5-2 respectively. The commutation unit in CSR includes the upper or
lower three switches, as shown in Fig. 5-1. They commutates with each other under ac voltage
and dc current. A diode is usually connected in series with an active device to block the reverse
voltage on the switch. The commutation in VSR includes an upper switch and a lower one in a
phase leg, as shown in Fig. 5-2. They commutates with each other under dc voltage and ac
current. A diode is usually connected in parallel with an active device to conduct the reverse

current on the switch.
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[ e ics . ic c Cac Ve
v Mva E TR T
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|S_4l |S_’6:|l S|_2’:ll = ’W_v\_
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Fig. 5-1. Current source rectifier. Fig. 5-2. Voltage source rectifier.

To compare the switching loss of CSR and VSR, the switching frequency is assumed to be
much higher than the fundamental one. The input voltage is assumed to be sinusoidal and the dc-
link current is constant in CSR. The input current is assumed to be sinusoidal and the dc-link

voltage is constant in VSR. The switching energy is assumed to be proportional to the product of
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the voltage and current at switching moment. The relationship is given by (5-1), where V,..; is
the voltage at switching moment, I,.., the current at switching moment, Ey s o rer the switching
energy in the turn-on process of VSR, Eygr off rer the switching energy in the turn-off process
of VSR, E¢sg on rer the switching energy in the turn-on process of CSR, Ecsg off rer the

switching energy in the turn-off process of CSR.

kVSR on = EVSR_on_ref , kVSR off = EVSR_off_ref
- Vreflref - Vreflref
(5-1)
kCSR on = ECSR_on_ref JKesr off = ECSR_off_ref
- Vreflref - Vreflref

In this calculation, the modulation schemes are 60° discontinuous PWM (DPWM) and
Modified Fullwave Symmetrical Modulation (MFSM) for VSR and CSR respectively. The
switching loss of VSR with 60° DPWM can be given by (5-2), where I,,, is the peak input current,
V4. the output dc voltage, Mysz the modulation index, V,, the peak input voltage, T, the
switching period.

_ 3Idec (kVSR_on + kVSR_off) \/§Vm

P VSR_switching — T yMygsr = v, (5-2)
S c

The switching loss of CSR with MFSM can be given by (5-3), where I, is the dc output
current, V,. the output dc voltage, M5 the modulation index, V;, the peak input voltage, ¢ the
phase difference between input voltage and current.

3\/§Idcvm (kCSR_on + kCSR_off) 2Vdc

P itching = T3
CSR_switching T, TSR T3 cosg

(5-3)
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The VSR switching loss in (5-2) is much different from the CSR switching loss in (5-3). To
demonstrate their relationship, it is assumed that the modulation index is the same in both VSR
and CSR. The switching energy coefficients are the same and input power equals the output

power. The assumptions can be given by

Mysg = Mcsg

kvsr on t Kvsr ofr = Kcsr on + Kcsr off (5-)

3
Py, = ElemCOS(p = Pout = Vaclac

Then (5-2) and (5-3) can be simplified and they actually equal with each other, as given by

PVSR_switching = PCSR_switching (5-5)

In practice, the switching energy does not always have linear relationship shown in (5-1).
Also the switching energy coefficients may not be the same in VSR and CSR. Because of the
difference in commutation loop and device connection, the switching speed and switching

energy are different in two topologies. The specification of the design is shown in Table 5-1.

Table 5-1. Converter specification

Topology Voltage source rectifier | Current source rectifier
Output Power 10 kW
Input Voltage 480 Vrms (line to line), 60 Hz
Input Current 12 Arms each phase
Modulation Index 0.95
DC-link 18 A dc-link current 715 V dc-link voltage
Input Power Factor >0.99
AC Harmonics Input current THD < 5%
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5.2 Simulation with Device Models

The commutation circuits in both VSR and CSR are modeled in Saber to analyze the
commutations in them. In the simulation, the device models are 1200 V SiC MOSFET
CMF20120D and 1200 V SiC Schottky diode CSD10120 from CREE. As shown in Fig. 5-3, the
MOSFET is paralleled with the diode in VSR simulation circuit. Some parasitic inductance is
placed in the simulation circuit. As shown in Fig. 5-4, the MOSFET is connected in series with

the diode in CSR simulation circuit.

220pF lmHg_

R — s2
L B L] T cspionzo
W s T

10nH CMF20120D |

:, 40nH
40‘;1H
Fig. 5-3. VSR simulation circuit. Fig. 5-4. CSR simulation circuit.

In the simulation, the external gate resistor is reduced to increase the switching speed. Two
constraints are considered in this process — the voltage on the devices should be lower than 1200
V and the gate voltage of SIC MOSFET is within the range from -5 V to 25 V. According to the
simulation results, the minimum external gate resistor is 0.3 Q for VSR circuit and 0.5 Q for

CSR circuit.
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The switching waveforms of VSR are drawn in Fig. 5-5 when S1 is turned on and S2 is
turned off. V., = 600V and I, = 20 A. The dash waveform is got with 0.3 Q external gate

resistor and the solid waveform is got with 10 Q external gate resistor.

The switching waveforms of CSR are drawn in Fig. 5-6 when S1 is turned on and S2 is
turned off. V., = 600V and I, = 20 A. The dash waveform is got with 0.5 Q external gate

resistor and the solid waveform is got with 10 Q external gate resistor.
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Fig. 5-5. Switching waveforms of VSR: (a) S1 turn-on waveforms; (b) S2 turn-off waveforms.

Vs1, 400V/div _

Vs2, 400V/div

| isp, 40A/div

et
RS

is1, A0OA/div

T T !
50ns/div 50nS/d|\ﬁl i

(@) (b)

Fig. 5-6. Switching waveforms of CSR: (a) S1 turn-on waveforms; (b) S2 turn-off waveforms.

The resonance in the waveforms is caused by the oscillation between parasitic inductance
and the device junction capacitance. The equivalent junction capacitance is lower in CSR

because of series connection of devices. So the resonance frequency is higher in CSR. High
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voltage spikes appear on S2 in this process. The resonance is damped faster in CSR because of

larger on resistance.

The switching waveforms of CSR are drawn in Fig. 5-7 when S1 is turned off and S2 is

turned on. V,, = 600 V and I;. = 20 A. The dash waveform is got with 0.3 Q external gate

resistor and the solid waveform is got with 10 Q external gate resistor.

The switching waveforms of CSR are drawn in Fig. 5-8 when S1 is turned off and S2 is
turned on. V,, = 600 V and I;. = 20 A. The dash waveform is got with 0.5 Q external gate
resistor and the solid waveform is got with 10 Q external gate resistor. The voltage spike appears
on S1 when it is turned off. But it is much smaller compared with the one when S2 is turned off.

The resonance frequency is also higher in CSR.

Vs1, 400V/div
R 4 AN Ve, 400V/div
g S ~ V‘IZ,'Z&K;EW - R mmﬁiﬁLiOAluw
50ns/div 50ns/di
(a) (b)

Fig. 5-7. Switching waveforms of VSR: (a) S1 turn-off waveforms; (b) S2 turn-on waveforms.

L 00V/div -
PPN ] 7 Vez, 400V/div
% ———
> - Iy
N it
N R »
) is1, A0A/div
T T = |
50ns/div i Sons/div
(@) (b)

Fig. 5-8. Switching waveforms of CSR: (a) S1 turn-off waveforms; (b) S2 turn-on waveforms.
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With 0.3 Q external gate resistor, the switching energy in VSR can be calculated under
different operation current, as shown in Fig. 5-9. With 0.5 Q external gate resistor, the switching

energy in CSR can be calculated under different operation voltage, as shown in Fig. 5-10.

220 120
3200 - 37100 S 2
s il s &’
5180 B S 80 g
2 - o 2 g
S 160 x| S 60 e
= - £ . pd
iy ,—E” <
£ ot og Energy floor £ -9
5 120 87 = . oy
@ * Jo-—2 Energy floor
100, G—e"- ___!_____-_-_ _____ T I--~"
0 5 10 15 20 0 100 200 300 400 500 600 700
Switching current (A) Switching voltage (V)
Fig. 5-9. Switching energy in VSR. Fig. 5-10. Switching energy in CSR.

The switching loss of the converters can be calculated with the switching energy curves.
The calculation is based on simulation, as shown in Fig. 5-11. The device voltage, current and
gate signal waveforms are collected through converter simulation. The turn-on and turn-off
processes can be judged through gate signals. The switching energy at each switching moment is
summed to get the total switching loss. The calculated switching loss of CSR is 2.64 W, much

lower than the VSR switching loss 15.36 W.

Device voltage, current
and gate signal

Turn on Turn on or Turn off
Turn off?

Etotal = E(otal + Eun (V’ I) Elolal = Ewlal + Eoff (V’ I)

Fig. 5-11. Switching loss calculation process.
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5.3 Analysis of Parasitic Loss

To understand the switching energy difference under high switching speed, the
commutation circuits in VSR and CSR are simplified in Fig. 5-12 and Fig. 5-13 respectively. The
MOSFET is modeled as a channel with three junction capacitors. The diode is modeled as an

ideal diode paralleled with a junction capacitor.

VXy
|
MOSFET t~
s2 ¢ =1, DT
MOSFET _$2—— Diode %Ld _I__H:EI_] S1
T 1 c
1,101 Ll

T

Fig. 5-12. Simplified commutation circuit in Fig. 5-13. Simplified commutation circuit in
VSR. CSR.

The switching energy can be divided into two parts. One is the semiconductor loss, which is
generated in the process to build up the channel and transmit the electrons. This part of loss can
be reduced by increasing the switching speed with lower gate resistor. It is proportional to the

operating voltage and current.

The other one is the parasitic loss, which is decided by the energy stored in parasitic

capacitance and inductance in the commutation circuit. This part of loss can not be reduced with
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small gate resistor. As the switching speed increases, it plays more and more important role in

total switching loss.

Since the same devices are used in VSR and CSR, the semiconductor loss is very close in
them. The difference on switching loss mainly comes from the parasitic loss. To analyze it, the
switches are assumed to be turned on/off instantly without any semiconductor loss. The

simplified commutation circuit of VSR is taken as an example. Similar analysis can be done for

CSR circuit.

Vay vy
iszl ) e iSZT ) e
MOSEET JIT=— Dipde ng MOSEET At = Dhpde %L
g ® |:@ | l ¢ U © =}I:@ ! l “ Vxy
s2 ®=n€:< M Iy J' s2 G Ly I o J

Vxy
s | g S P, A— i | g a— —
S S
is1l Css FD Idc 'Sll CSZT lGDIdc
D D
|

':‘ ﬂ : > isl 44— g ; l\l'
o d IS
Sl G |_G2 _‘A- CD CSl RSlﬁchannel Sl ®=é ” 62_" <> I:> CSl\l/
T S__ isl_channel = W S__ isl_channel ::I:
(a) (b)

Fig. 5-14. Equivalent circuit with parasitic capacitance: (a) S1 turn-on process; (b) S1 turn-off
process.

The impact of parasitic capacitance is analyzed first. As shown in Fig. 5-14(a), S1 channel

is turned on instantly and simplified as the resistor Rs; cnanner- Cs1 1S the equivalent junction
capacitance of S1. Cs, is the equivalent junction capacitance of S2. C, is discharged and Cs, is

charged through Rs; channer- The switching energy lost in S1 channel can be given by
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E ~Leom 2+lc Vey” 5-6
on_channel_C — 2 S2Vxy 2 S1Vxy ( - )

When S1 is turned off in Fig. 5-14(b), its channel is shut down instantly. Cs, is charged and

Cs, is discharged by I,;.. There is no energy lost in S1 channel, as shown in (5-7).

Eoff_channel_C =0 (5-7)

The parasitic loss caused by parasitic capacitance can be given by

1 1
Ec = Eon_channel_c + Eoff_channel_c = ECSZnyZ + EC.Slvxyz (5-8)

The impact of parasitic inductance is analyzed as well in Fig. 5-15. Lg, and L, are the
parasitic inductance in the commutation circuit. When S1 is turned on in Fig. 5-15(a), its channel
is turned on instantly and simplified as the resistor Rg; channer- Ls1 IS charged and Lg, is
discharged. The high voltage is mainly distributed on the Lg; and Ly, rather than Rg; channer- SO

the switching energy lost in the channel is nearly zero, which is given by

Eon_channeir =0 (5-9)

When S1 is turned off in Fig. 5-15(b), its channel is shut down instantly. L, is discharged
and Ly, is charged, generating large voltage on Rg; channer- The switching energy lost on S1 is

given by

1
Eoff_channel_L = E LSZIdc2 + ELSlIdc2 (5-10)

The parasitic loss caused by parasitic inductance can be given by
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1 1
EL = Eon_channel_L + Eoff_channel_L = ELSZIdCZ + ELSIIdCZ (5'11)
vy vy
VL;§ L Viof Lo,
mosrer _§2t s MosreT 122 bige
T 1) T A
s2 GI_ SE__IJ:;? : S2 Gl_. S?’__,JI:_G?_J
vofss Vit T,
- +s1 + Ve,
b —T ‘ P ldc 3_| - D idc
®, d .0, &
s1 cL-3 1 s1 +
3 s
= RSl_channel =
(a) (b)
Fig. 5-15. Equivalent circuit with parasitic inductance: (a) S1 turn-on process; (b) S1 turn-off

process.

With ac voltage on the switches and lower equivalent junction capacitance, the energy
stored in the parasitic capacitance is lower in CSR. But it has larger inductance energy due to
large dc-link current. For the converters in Table 5-1, the parasitic energy in VSR is much larger
than the one in CSR. That is why the “energy floor” in Fig. 5-9 has higher level than the one in

Fig. 5-10.

The parasitic loss in VSR and CSR can be compared under different operation conditions
shown in Table 5-2. The output power and the switching frequency are two variables in the
calculation. The device voltage rating is 1200 V. The junction capacitance is proportional to the
die area, which is proportional to the current rating of the device. The parasitic inductance in the

commutation circuit is fixed, which is 80 nH for VSR and 100 nH for CSR.
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The calculation process is shown in Fig. 5-16. The capacitance and inductance losses are
shown in Fig. 5-17(a) and Fig. 5-17(b) for VSR and CSR respectively. It can be seen that the
capacitance loss is the majority of the parasitic loss in VSR, while the inductance loss is the
majority in CSR. The total parasitic loss is shown in Fig. 5-18. The parasitic loss is proportional
to switching frequency. When the output current is low, CSR has lower parasitic loss. VSR has

lower parasitic loss when the output power is high.

Table 5-2. Operation conditions for parasitic loss comparison

Topology Voltage source rectifier | Current source rectifier
Output Power 0— 100 kW
Input Voltage 480 Vrms (line to line), 60 Hz
Modulation Index 0.95
Dc Voltage 555V 715V
Switching Frequency 0—100 kHz
Modulation Scheme MFSM 60°DPWM

Output power level Switching Frequency
Device current rating

VSC waveforms
Vs

Junction capacitance VSC
i
S EEe==E Switching loss
O e =s=d 1 2 1
Ve (V) Z Ecoss (Vds )Vds +E leds
CsC
Parasitic inductance
VSC: Ls = 80 nH,
CSC: Ls =100 nH

Fig. 5-16. Process of parasitic loss calculation.
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Fig. 5-17. Calculated capacitance and inductance loss: (a) VSR; (b) CSR.
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Fig. 5-18. Calculated parasitic loss.

5.4 Experiments with All-SiC Phase-Leg Modules

To further study the commutation, two phase-leg modules with all SiC devices are built for
VSR and CSR, as shown in Fig. 5-19(a) and Fig. 5-19(b) respectively. 1200 V/50 A SiC
MOSFET and SiC Schottky diode from CREE are used in both modules. The size of the phase-

leg module is small, which is helpful to reduce the parasitic inductance in the commutation loop.
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wwgz

(a) (b)
Fig. 5-19. All-SiC phase-leg module: (a) VSR; (b) CSR.

A double pulse test board is designed and fabricated for the module test, as shown in Fig. 5-
20. The test setup is shown in Fig. 5-21. Both VSR module and CSR module can be tested with
the same setup. Tektronix passive probe P5100 (250 MHz bandwidth) is used for voltage

measurement. The 15 mQ coaxial shunt SDN-015 (1.2 GHz bandwidth) is used for current

measurement.

High-voltage probe
] <
0

I'

Coaxial shunt

Gatesignal input | Gate driver power supply

(@) (b)
Fig. 5-20. Module test board: (a) Top view; (b) Side view.
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P I‘r
.
| »

Fig. 5-21. Module test setup.

The test circuits for VSR module and CSR module are shown in Fig. 5-22(a) and Fig. 5-
22(b) respectively, where L, is the parasitic inductance on the test board and C,, is the equivalent

parallel capacitance of load inductor. Their value can be measured with impedance analyzer.

L, = 35nH and C,, = 10 pF. The gate signals are also shown in Fig. 5-22.

The switching waveforms of VSR module are drawn in Fig. 5-23 when I, = 600V,

I = 50 A and external gate resistor R, = 10 Q. The switching waveforms of CSR module are

drawn in Fig. 5-24 under the same test condition.

P Lol Ly dig
S1 S2 C|_- Slx S2% C|_-
P — — P
v 11._ i TJZ'.:DZV 2 Vle: | vs2
¢ gt +g +
i At
ap—F—¢b at——b
Lo
% Lo
Vyy
s2 s [ 1
1 1 I I
gl 1M st L
(@) (b)
Fig. 5-22

. Test circuit: (a) VSR; (b) CSR.
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The switching waveforms of VSR module are drawn in Fig. 5-25 when V,, = 400V,
I = 34 Aand external gate resistor R, = 5 Q. The switching waveforms of CSR module are
drawn in Fig. 5-26 under the same test condition.

In the turn on process, the VSR module has higher displacement current because of its
larger junction capacitance. It has lower voltage spike on switches than CSR module. The

resonance frequency is higher in CSR module.

T 1 T 1 T T ]
| Vg, 100V/div A AR A e 100v/div |
N PN ~
: iy, 20A/div Y : :
| /'-\/\/\ time, 40ns/div ——
| g, 20A/div [V time, 40ns/div _| /
R 241 VU kol - \ Dol s~
I i el r WV T T
(a) (b)

Fig. 5-23. Switching waveforms of VSR module when V,, = 600V, [;. = 50 Aand R, = 10
(a) S1turnon; (b) S1 turn off.

| | | | | | | | |
| | | | | | | | |
| | | .
F— Vg1, 100V/div ! ‘ — Vgy, 100V/div
time, 40ns/div — I[\\ I\VI\ \/ AVAAAAAAA~
. TN is7, 20A/div —— / time, 40ns/div |
l\‘l\ VWA~ ﬁf\\ ;
i<y, 20A/div
1 N\ AAAAAAAA - vy \’\AAlSiAA ~
(@) (b)

Fig. 5-24. Switching waveforms of CSR module when V,, = 600 V, I3 = 50 Aand R, = 10 Q:
(a) S1turnon; (b) S1 turn off.
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time, 40ns/div Vs; 106V/di\L ]

A . | | | : —
LA — - P
A A A \/\\‘/\VA,,V;L, i R A Vst iOOV iv

\YI l V\ ‘fl\v \,/. sy, 20A/div ™ i, 20A/div \V
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TV N A J\Ltiniforild“{

VIV V V Vs T A l | l l

(@) (b)

Fig. 5-25. Switching waveforms of VSR module when V,, = 400V, I3 =34 Aand R; = 5 Q:
(a) S1turnon; (b) S1 turn off.

ﬂ isl‘, ZOA‘/diV‘: Vsilv 1q0V/djV B isl“ ZOA‘\/diV ‘: Vs;l, lO;OV/d;iv ]
N A AL _ _
A A A A A AR AAAAAA N A A A AAAAAAAAA
Y T VN NARASA S AGS AW
Y WA A time, 40ns/div VM _ ]
VAV Vv Y AVAVAV AT A A b i tlrr?e, 49ns/q|v
ANAAAA s S\AMAIAAAA A
(a) (b)

Fig. 5-26. Switching waveforms of CSR module when V,, = 400 V, 14 = 34 Aand Ry = 5 (:
(a) S1turnon; (b) S1 turn off.

The external gate resistor is further reduced in the CSR module to increase its switching
speed, as long as the device voltage does not exceed the breakdown voltage. When V., = 600 V
and I;. = 26 A, the voltage waveforms with different external gate resistors are compared in Fig.
5-27. The maximum voltage change rate is 200 V/ns and the maximum voltage occurs on S2
when it is turned off. The current waveforms with different external gate resistors are compared
in Fig. 5-28. The maximum current change rate is 11 A/ns and the maximum current occurs on

S1 when it is turned on.
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Fig. 5-27. Voltage waveforms of CSR module with different external gate resistors: (a) S1 turn
off; (b) S1 turn on; (c) S2 turn on; (d) S2 turn off.

As the switching speed increases, the parasitic inductance becomes the main constraint for
high speed switching. It resonates with the junction capacitance of the devices and causes large
voltage overshoot. As shown in Fig. 5-29, the voltage spike on S2 is mainly caused by L, on the

test board.

To reduce the resonance in the switching process, three methods can be applied. First, a 0.1
JF/1 kV ceramic capacitor is soldered between the two terminals of the SiC module, as shown in
Fig. 5-30. Its resonance frequency is 4 MHz and has 3.8 Q impedance at 50 MHz. It provides a
low-impedance loop for the resonance and by-passes L,,. Compared with the original waveforms

in Fig. 5-31, the voltage resonance is largely reduced in Fig. 5-32.
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Fig. 5-28. Current waveforms of CSR module with different external gate resistors: (a) S1 turn
off; (b) S1 turn on; (c) S2 turn on; (d) S2 turn off.

Vcd
Vab

\\ ‘ V, 200V/div
time, 50ns/div
Va1
AL ASNA -~
VYV VWA~ ~r

Fig. 5-29. Switching waveforms when S1 is turned on (Vy, = 600V, I4c = 26 Aand R =
1.6 Q).
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Fig. 5-30. Test circuit with decoupling capacitor.

[ time, 40ns/div
Vey, 100V/div ITW Vs2 100\/’0"‘;7
B - In AAAAAAA Ul ’l \\I\\ I"V VA“/\\AVI\VI‘(VA'AWMYA' .
I U . . —_
V time, 40ns/div | AAna . Is‘l’ 10,‘A/d|v‘ —
, . ] INITATAAAAAA A A e e
— . l V Vv R
ls2, 10A/div v, 100VIdiv ] v vy, 100V/div
(a) (b)
Fig. 5-31. Switching waveforms without any methods to reduce resonance: (a) S1 turn off; (b) S1
turn on.
- L
Vey, 100V/div N Vsz: 100V/div
IA VWA A | l"UAVA AN AAANA A

\ B ] iy time, 40ns/div |
time, 40ns/div | | | I

I -

/ v, 100V/div _ Vgq, 100V/div

> \ A Al A ol | /\WAan ANAAA
VNV Y L L ’ VvV
(@) (b)

Fig. 5-32. Switching waveforms with decoupling capacitor: (a) S1 turn off; (b) S1 turn on.

Second, an 1 Q resistor is added in series with the added decoupling capacitor to damp the
resonance in the commutation loop, as shown in Fig. 5-33. It can help to attenuate the resonance
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without increasing much loss. Compared with the waveforms in Fig. 5-32, the voltage resonance

is damped faster in Fig. 5-34.

Fig. 5-33. Test circuit with damping resistor.

I — [ —
! I —
v, 100V/div n v, 100V/div |
AAn { AN AA A
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/ IR - v, 100v/idiv
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(a) (b)

Fig. 5-34. Switching waveforms with damping resistor: (a) S1 turn off; (b) S1 turn on.
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Fig. 5-35. Test circuit with magnetic beads.
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Fig. 5-36. Switching waveforms with magnetic beads: (a) S1 turn off; (b) S1 turn on.

Third, a magnetic bead (NizZn Ferrite 3W800) is added to the commutation loop to reduce
the resonance during commutation. The bead has small dimensions and little impact on the
commutation loop area, as shown in Fig. 5-35. The magnetic bead provides high impedance
when the current is close to zero. It can reduce the resonance dramatically in turn-on process, as
shown in Fig. 5-36(b). But it may cause a little higher voltage overshoot in turn-off process, as
shown in Fig. 5-36(a). The voltage change rate, current change rate, peak voltage and switching

energy are listed in Table 5-3. All three methods can reduce the resonance and peak voltage.

Table 5-3. Switching parameters comparison

Case EontEor | di/dt | dv/dt |[Peak voltage
Original 254 uJ 8.0 A/ns|135 V/ns) 1016 V
With one bead 234 nJ 3.0 A/ns|91 V/ns 914V
With two beads 234 nJ 2.2 A/ns|55 V/ns 822V
With decoupling capacitor - - 57 V/ns 748 V
With damping resistor - - 57 V/ns 722V
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5.5 AlI-SiC Converter Module

The power module can integrate more semiconductor dies and increase the power density of
the converter. Moreover, it has lower parasitics in the commutation loop, compared with discrete
devices. An all-SiC converter modules was designed and built, as shown in Fig. 5-37 and Fig. 5-
38. 50 A SiC Schottky diode CPW5-1200-Z050B and 50 A SiC MOSFET CPM2-1200-0025B
from CREE are used in the power module. It includes three lower switches, forming the
commutation loop in the new topology. The semiconductor dies are plated on the direct

bonded copper (DBC) substrate, with wire bonds for interconnection.
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9 |
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/ /lE | ]

G4 S4 G6 S6 n S2 G2

S
Device die G1§IS
D

A—D—C

Fig. 5-38. Photo of the all-SiC converter module for new topology.
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The converter module can also be configured as the traditional CSR topology, as shown in
Fig. 5-39. The two pins connected with Dxa and Dxb (x = 4, 6, 2) are shorted with copper bars.

In this way, the commutation in both the new topology and the traditional one can be measured

and compared with the same converter module.
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_________________________

Fig. 5-39. Reconfigured converter module for traditional topology.

5.6 Static Characteristics

The static characteristics are measured on the power module with Tektronix curve tracer
371B. The breakdown voltage curves of SiC MOSFET and SiC Schottky diode are shown in Fig.

5-40 and Fig. 5-41 respectively. The output characteristics of the power module are shown in Fig.

5-42, with 20 V gate drive voltage.
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Fig. 5-40. SiC MOSFET breakdown voltage. Fig. 5-41. SiC Schottky diode breakdown
voltage.
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Fig. 5-42. Output characteristics.

5.7 Switching Characteristics

A test board was built to test the commutation in the power module, as shown in Fig. 5-43.
The SiC power module is mounted on the back of the PCB. A 15 mQ coaxial shunt SDN-015
with 1.2 GHz bandwidth from T&M Research is used for current measurement. A high-voltage
differential probe THDP0200 with 200 MHz bandwidth from Tektronix is used for voltage
measurement. The test setup is shown in Fig. 5-44, including a test board, an oscilloscope, a load
inductor, a DSP board, 600 V power supply and an auxiliary power supply. The DSP board can

generate the gate signals for driving the devices.
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, Gate driver power supply

Fig. 5-44. Photo of the test setup.

As described in Chapter 3, the commutations in the new topology include three switches.
Commutation loop 1 is shown in Fig. 5-45. When v, > v, > v,, the equivalent circuit is shown
in red lines. The gate signals shows that S6 will be kept on in the test. S2 and S4 are turned on in
the first pulse and the dc power supply charges the load current /. to a given level. Then S2 and
S4 are turned off simultaneously and I, is freewheeled through S6. In the second pulse, S2 and
S6 are turned on simultaneously and kept on for a short time. In this process, the voltage and
current waveforms on the switches can be collected on the test board. There are two minor

commutation loops in parallel in the power modules, as drawn in Fig. 5-45. They are almost
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symmetric, which is advantageous to reduce the equivalent parasitic inductance in the

commutation loop.
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Fig. 5-45. Commutation loop 1 in new topology.

The switching waveforms of Commutation loop 1 are shown in Fig. 5-46 when v,, =
600V and I;. = 60 A. The external gate resistor is 20 Q for each switch. The switching
waveforms of S2 and S4 are not always the same. The current resonance is smaller in S4 than
that in S2. S4 has longer delay time in both turn-on and turn-off processes. The speed difference
between S2 and S4 comes from two aspects. The characteristics of the paralleled device dies are

not the same and the module layout is not totally symmetric.
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Fig. 5-46. Switching waveforms in Commutation loop 1: (a) Turn-off; (b) Turn-on.

The other kind of commutation loop is shown in Fig. 5-47 in the new topology. In
Commutation loop 2, S2 is kept on and S4 and S6 are sharing the load current. The two minor

loops are not symmetric in Fig. 5-47, where the green one has larger area than the blue one.

The switching waveforms in Commutation loop 2 are shown in Fig. 5-48. The voltage and
current spikes are more serious in Commutation loop 2 than those in Commutation loop 1. The

resonance frequency is lower in Commutation loop 2, indicating higher parasitic inductance in

the loop.

From the comparison of the switching waveforms in the two commutation loops, it can be
demonstrated that symmetric commutation loop has lower parasitic inductance, voltage and

current spikes.

130



V>V, >V

ab

b c c a
s4
Dad DupDeiff _ $DscD2é D2a
lic 3 Lee .
=1 ]
s2

u

Gate signals

1,
I

a b b ]
1 1
| | fe
1 I
5 =
277 j kl, 277 |
s S Se%ﬂ%_‘

™N

—

—J7

=

G4 sS4

TIIT

n

sS2 G2

Fig. 5-47. Commutation loop 2 in new topology.

time, 40ns/div [ |
I I time, 40ns/div
N A AL A e
V V WV y \/‘ NN N
/ V., 100V/div —— Va5, 100V/div ™~
// s \
/ V., 100V/div | Vs, 100V/div
[ SNAA A ol e ey
. = A adih A I"" e jv- vvlw
ey +ige, 20A/diV i i g e i 20001 ‘ism - :is;, .
A ﬁ‘\ isar 20/?/div T e TOA/div II\ ,H‘ Hl ,l ’n\ I‘\ A el ~
g VA'A'A'A'A N 2 aaane \ N\ W VAVAVAVATARYATAY
v
\\J vy > \VE /I /4 ‘ VvV

(a)

(b)

Fig. 5-48. Switching waveforms in Commutation loop 2: (a) Turn-off waveforms; (b) Turn-on

waveforms.

By configuring the power module in the way shown in Fig. 5-39, the switching waveforms

in the traditional topology were measured with the same test setup. Commutation loop 3 is

shown in Fig. 5-49, where S4 and S6 are commutating with each other. The two branch diodes

are paralleled in this configuration, so the total die area is the same in both traditional and new

topologies. The switching waveforms in Commutation loop 3 are shown in Fig. 5-50 when

Vpa = 600V and I, = 60 A.
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Fig. 5-50. Switching waveforms in Commutation loop 3: (a) Turn-off waveforms; (b) Turn-on
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The switching waveforms in the new topology and traditional one are compared in Fig. 5-51.
The turn-off waveforms are compared in Fig. 5-51(a). The new topology has longer voltage rise
time and higher voltage spike than the new topology in the turn-off process. The current rise time
is also longer and the resonance frequency is higher in the new topology. Because the current is

shared in two switches in the new topology, each switch has lower plateau gate voltage and
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lower voltage charge rate, leading to longer voltage rise time and higher turn-off energy,

especially when input voltage is high.
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Fig. 5-51. Switching waveforms comparison: (a) Turn-off waveforms; (b) Turn-on waveforms.

The turn-on waveforms are compared in Fig. 5-51(b). The new topology has shorter voltage
fall time and current rise time than the new topology in the turn-on process. Because the current
is shared in two switches in the new topology, each switch has lower plateau gate voltage, higher
current rise rate and higher voltage charge rate, leading to lower turn-on energy, especially when
the load current is high. The amplitude of the resonance is comparable in the two topologies. The
resonance frequency is higher in the new topology. Although the new topology has higher
switching speed, it does not have obviously worse resonance because the equivalent parasitic

inductance in the commutation loop is smaller in the new topology.
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Under different voltage and current conditions, the switching energy is measured and shown
in Fig. 5-52. The turn-off energy E, ¢, of the two topologies is compared in Fig. 5-52(a). E, ¢ is
higher in the new topology, especially when the current is low and voltage is high (voltage rise
time is much longer in the new topology). When the current is high, the current fall time is

obviously lower in the new topology, leading to lower E, .
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Fig. 5-52. Switching energy comparison: (a) E,ff; (b) Eon; (C) Eof + Eop.
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The turn-off energy E,,, of the two topologies is compared in Fig. 5-52(b). E,,, is lower in
the new topology, especially when the current and voltage are both high (current rise time is
much less in the new topology). When the current is low, the current rise time tends to be the

same and the switching energy is very close in both topologies.

The total switching energy is compared in Fig. 5-52(c). It is lower in the new topology,
especially when the current and voltage are high. E,,, contributes more to the total energy in

these cases.

5.8 Conclusion

Two all-SiC phase-leg modules have been developed and characterized. The switching
performance in CSR is compared with the one in VSR. Because of higher equivalent junction
capacitance of the switches in VSR, it has higher current spike but lower voltage spike than CSR.
When pushed to higher switching speed, the CSR module is more reliable without any shoot-

through problem.

An all-SiC converter module has been designed and characterized for the new CSR. With
current sharing in two phase legs, the switching speed is higher and the switching energy is
lower in the new CSR than in the traditional one. The minor commutation loops are in parallel to

reduce the parasitic inductance in new CSR.
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6 Modulation Scheme Comparison

In this chapter, the commutations in the three-phase buck rectifier (CSR) with freewheeling
diode are investigated in detail, based on the experiments with different device combinations as
shown in Table 6-1. Then the switching loss of the buck rectifier is modeled and calculated,
including two types of commutations and the impact of the non-switching devices. The
comparison of the four commonly used space vector modulation schemes is made considering
different device characteristics. Through the analysis in this chapter, the highest efficiency
modulation scheme can be selected for the three-phase buck rectifier as a function of the

semiconductors devices employed.

Table 6-1. Device combinations

No. Switch Sx Df
RB-IGBT

IGBT and Si soft-recovery diode | SiC Schottky diode
IGBT and SiC Schottky diode

6.1 Modulation Schemes in Buck Rectifiers

The input voltages v,, v, and v, and the fundamental components i,,, i,; and i., of the
input currents are defined in (6-1), where V,, and I,,, are the peak values of the sinusoidal voltage
and current respectively, w is the angular frequency of the ac mains, and ¢ is the phase

difference between v, and i,;.
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v, = V,cos(wt + @)

(
| 2m
{ v, =V, cos (a)t - ?+ (p)
| 21
kvc =V, cos (wt + 3 + (p)
(6-1)
( ig1 = Iycos(wt)
| ] 2m
{ ip1 = Lpcos (wt - ?)
| 2
klcl = [, cos (a)t + ?>

According to the relationship between the input voltage and current, 12 sectors are defined

for the buck rectifier as shown in Fig. 6-1 [94][95]. On the space vector plane in Fig. 6-1(b), the

*

. . 3 : . . .
input current space vector i, = \/;Imefw‘ can be synthesized by six active space vectors

—

I,,x = 1,..,6 and a zero vector I,. The symbol [S,, S, |, x,y = 1, ...,6 denotes the on state of the
switches S, and S, in a space vector. Considering both the switching loss and modulation index

range, i, IS usually composed by two consecutive active vectors and the zero vector in each

sector [97].

1 |
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|
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(a) Fundamental components of input current (b) Space vector plane
and voltage

Fig. 6-1. Sector division in space vector PWM.
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The “3-switch” and “4-switch” space vector modulation schemes, which contain three and
four transitions in a switching period respectively, are most widely used in buck rectifiers,
because they achieve a good compromise between the switching loss and harmonic current level
[98]. Table 6-2 shows four modulation schemes under study in this chapter, including two
symmetric “4-switch” schemes and two asymmetric “3-switch” schemes. The output voltage Vp
in two consecutive sectors (Fig. 6-1) is used to describe their difference regarding space vector

arrangement.

All four modulation schemes have been proposed to reduce the switching loss
[83][94][95][128][129]. Both symmetric schemes were introduced in [94], where Symmetric
Scheme | (SS-I) is named “Half-wave Symmetrical Modulation (HSM)” and Symmetric Scheme
Il (SS-1I) “Modified Full-wave Symmetrical Modulation (MFSM)”. The zero vector is placed
between two active vectors in SS-1, and after the two active vectors in SS-11. The space vectors
are arranged to make the switching voltage the lowest in SS-II, so that the switching loss is
assumed to be minimum [94][95]. Asymmetric Scheme 111 (US-111) is first proposed in [128] to
realize soft switching and reduce the switching loss. Asymmetric Scheme IV (US-1V) is applied

in charge control of buck rectifier in [83] and [129].

138



Table 6-2. Modulation schemes for comparison

Output voltage Vpn

Number of different transitions

Modulation - - - - - -
scheme Sector]2:Va>VesVb Sectorl: Va>Vb>Vc Syv_ntch-swntch commutation §vyltch-d|ode commutation
Positive turn- Positive turn- Positive turn- Positive turn-
-n/6 <wt<—¢ —p<wt<mu/6 off on off on
Symmetric Vab Vab Vac |
Scheme | vac Vab Vab . ) 2 2
(SS-1) sis6 | s1S2 | |S1S6 s1s6l | S1S2 | |s1s6
0 T 0 T
Symmetric Vab 3 Vab Vac B 3 bV.au:
Scheme Il aq | Vac ap | val 1 1 1 1
(SS-11) s1s6/s1s2 | s1s351S6 s1S251s6 | |S15651S2
0 T 0 T
Asymmetric Vab Vab Vac
Scheme 111 Vac a - 1 1 1
(Us-I11) S1S2 | S1sS6 S1S6 | S1S2 )
0 T 0 T
Asymmetric Vab Vac Vab
Scheme IV Vac a 1 - 1 1
(US-1V) S1S6 | S1S2 S1s2 S1S6 .
0 T 0 T

There are two types of commutations in the buck rectifier, the one between two switches

(switch-switch commutation) and the one between a switch and the freewheeling diode (switch-

diode commutation). In each type of commutation, two kinds of transitions exist. When one

switch is turned on under positive V., (positive turn-on), its complementary switch is turned off

under negative V.. (reverse turn-off), and when one switch is turned off under positive V.,

(positive turn-off), its complementary switch is turned on under negative V., (reverse turn-on).

As shown in Table 6-2, SS-I has only switch-diode commutations, while SS-II includes both

types of commutations. US-I1I has no positive turn-off transition, while US-IV has no positive

turn-on transition in the switch-switch commutation. The number of different transitions in each

modulation scheme is listed in Table 6-2.
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6.2 Device Characterization and Commutation Analysis

The commutation circuit in the buck rectifier can be simplified as drawn in Fig. 6-2(a),

consisting of two switches Sa and Sb and a freewheeling diode Df. Sa and Sb represent any two

switches in the upper (S1, S3 and S5) or lower (S2, S4 and S6) legs of the buck rectifier.

As shown in Fig. 6-3, an experimental circuit was built according to the circuit in Fig. 6-2.

Two types of gate signals in Fig. 6-2(b) and (c) were used to test the commutation between Sa

and Df, as well as the commutation between Sa and Sh. Sb is kept off when Sa is commutating

with Df in Fig. 6-2(b).

de
® s o o g W=
- - I_’
dc
Sa Sb -
VSa —I VSb
1 + + Vi
if|  isf| off.
Vo it

(a) Commutation unit in the buck rectifier

Sb

1.1

Sa

(b) Gate signals when Sa and Df commutate

|. I.
| |
Sa 'I m
(c) Gate signals when Sa and Sb
commutate

Sb

Fig. 6-2. Commutation unit and the device gate signal.

Fig. 6-3. Device double pulse test board.



In the experiments, 1XYS 1200 V, 15 A RB-IGBT (IXRP15N120) and Infineon 1200 V, 15
A high-speed IGBT (IKW15N120H3) are used as switches. The diode in the circuit is realized
by either a CREE 1200 V, 10 A SiC Schottky diode (C2D10120), or an IXYS 1200 V, 15 A Si
soft-recovery diode (DSEP12-12A). The measurement equipment is listed in Table 6-3 with their
bandwidths, critical information for measuring the switching waveforms accurately [122]. In the
experimental circuit, the parasitic inductance in the commutation loop is well limited by careful

PCB layout according to [123].

Table 6-3. Measurement equipment

Equipment Specification
Tektronix DPO4104 Oscilloscope, 500MHz
Tektronix P5100 | Passive high-voltage probe, 250MHz
Tektronix TCP0030 Current probe, 120MHz

The device combinations in Table 6-1 are tested and their switching characteristics are
compared. As an example, the switching waveforms in the commutation between two RB-IGBTSs
(Sa and Sb) are shown in Fig. 6-4 when V, = 680V, V,, = 340V and I;. = 15 A. Fig. 6-5 shows
the waveforms in the commutation between the RB-IGBT Sa and the freewheeling diode Df

when V, = 340V and I;. = 15 A.
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Fig. 6-4. Switching waveforms in the commutation between Sa (RB-1GBT) and Sb (RB-IGBT).
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Fig. 6-5. Switching waveforms in the commutation between Sa (RB-1GBT) and Df (SiC
Schottky diode).
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6.2.1 Positive Turn-off and Reverse Turn-on

When Sa is turned off under positive voltage in Fig. 6-4(a) and Fig. 6-5(a), Sb (Fig. 6-4(b))
or the freewheeling diode Df (Fig. 6-5(b)) is turned on under reverse voltage. Also, as observed,
there is a “tail current” on Sa due to the recombination of the accumulated carriers in the RB-
IGBT, whose duration depends on the carrier lifetime and their recombination speed [124]. The
voltage waveforms on the other hand have a large overshoot in the turn-on process of Sh due to
the large ohmic resistance in RB-IGBT during the establishment of the conductivity modulation
in the drift region [125][126], as shown in Fig. 6-4(b). It decays slowly to the on-state voltage
once the charge carriers have been built up. There is no such phenomenon in Fig. 6-5(b) because

the SiC Schottky diode Df is a majority carrier device.

The “tail current” of three different switches is compared in Fig. 6-6 whenV,, =V, =V, =
340V and I;. = 10 A. The RB-IGBT has a larger “tail current” than the other two kinds of
switches because of the longer carrier lifetime and the enhanced p+ layer on its collector
[69][70][124]. Further, the amplitude of the voltage overshoot is closely related to the device
physical characteristics as shown in Fig. 6-7, depicting the case whenV,, =340V and I;. =
15 A. Specifically, this figure shows how the minority carrier devices, such as Si PiN diode and
IGBT, contribute to the voltage overshoot when the switch is turned on. This conduction
modulation lagging effect is additive since a higher overshoot occurs when the IGBT is in series
with a Si PiN diode than with a SiC Schottky. The higher overshoot of RB-IGBT in Fig. 6-7 is
caused by the large width of the lightly doped drift region, which has higher resistance before the

conduction modulation is established [126].

143



10 —— 500 | |
9 —IGBT+SiC diode i |
g —IGBT+Si diode A A e
< 6 —RB-IGBT 3ooﬂ/ — I
3 O % 200 | =Si diode
3 100 / ~SiC diode
2 /; =|GBT+SiC diode
T N\ o IGBT+Si diode
%0z oa o5 oo 1 -100; RBeh]
: T melus. : 02 04 06 08 1
Fig. 6-6. “Tail current” comparison. Fig. 6-7. Positive turn-off voltage comparison.

6.2.2 Positive Turn-on and Reverse Turn-off

When Sa is turned on under positive voltage in Fig. 6-4(c) and Fig. 6-5(c), Sb (Fig. 6-4(d))
or Df (Fig. 6-5(d)) is turned off under reverse voltage. As evinced, there is a large reverse
recovery current when the RB-IGBT is reversely turned off in Fig. 6-4(d). On the contrary, since
the SiC Schottky diode Df is a majority carrier device, it presents no reverse recovery process as
shown in Fig. 6-5(d). As a result, the turn-on loss for Sa is high due to the current overshoot in

Fig. 6-4(c), while much lower in Fig. 6-5(c).

Fig. 6-8 shows the turn-on current waveforms of Sa with different device configurations for
the case when V,;, = 340V and I;. = 17 A. As observed, the current overshoot is caused by
reverse recovery process on Sh. The diode component in the switch arrangement, rather than the
IGBT, has a larger influence on the current overshoot because it will take most of the reverse
voltage. In the case of the RB-IGBT, there is a much larger current spike due to longer carrier

lifetime that it exhibits when compared to the soft-recovery Si diode.

Further, in the turn-on waveforms in Fig. 6-4(c) and Fig. 6-4(c), the voltage on Sa has a
steep drop at the beginning, which is caused by discharging the device junction capacitance.

Then the voltage decays slowly to its on-state value, which is mainly due to the conduction

144



modulation establishment. The turn-on voltage decay of different switches is compared in Fig. 6-

9, where the RB-IGBT showed the longest decay process when compared to conventional IGBTS.
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Fig. 6-8. Reverse recovery current comparison.  Fig. 6-9. Positive turn-on voltage comparison.

6.2.3 Switching Energy Comparison

The switching energy under various commutation conditions are defined in Table 6-4. The

measurement results under 15 A dc current and different device voltages are shown in Fig. 6-10.

Table 6-4. Switching energy in different commutations

Commutation condition Turn-on | Turn-off

. Switch (vce = 0) Eon,S+ Eoff,S+
Between two switches

Switch (Uce < 0) EOTL,S— Eoff,S—

) _ Switch Eonsp Eoff.sp
Between switch and diode

Diode Eonp Eorfp

It can be seen that the RB-IGBT has the largest switching energy compared with the other

two types of switches. The switching energy of the switch-switch commutation in Fig. 6-10(b) is
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higher than that of the switch-diode commutation in Fig. 6-10(a). Based on the measurement

results, the switching energy has a linear relationship with respect to the product of the device

voltage v, and current i, E, = k,|vceic|, Wwhere k, is the coefficient corresponding to E, .
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Fig. 6-10. Switching energy comparison under different voltages.

Switching Loss Model

To simplify the analysis, several assumptions and definitions are specified for the buck

rectifier.

The voltage on the input capacitor is assumed to be sinusoidal without switching ripple.

w

The switching frequency f; is much higher than the mains frequency f = -

The dc-link current is assumed to be constant ..

The device junction capacitance does not exchange energy with the dc output since the

switching transition takes place very quickly.
The parasitic resistance in the circuit is negligible compared with the device on-resistance.

The junction capacitance of semiconductor device is assumed to be constant in the analysis.
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The analysis will cover both types of commutations in the buck rectifier. Besides, the
junction capacitance of the non-switching devices will impact the performance of the switching

devices in the rectifier [44][127]. Its contribution to the switching loss will be modeled as well.

In the analysis, the switch under positive voltage is modeled with a variable resistor and a
capacitor Cs in parallel, as shown in Fig. 6-11(a). The resistor is used to calculate the real loss
dissipated in the device channel and the capacitor is used to simulate the junction capacitance of
the device. Under negative voltage, the switch can be seen as an ideal diode paralleled with its

junction capacitor Cp, as shown in Fig. 6-11(b). Similarly, the freewheeling diode is modeled in

Fig. 6-11(c).
- - + + + +
‘l = Cs ‘l — Co # — {{Cof
+ + - - - -
@ SWI%::Itl;ré(ier positive (b) SWIt\(;Slfar;ier negative (c) Freewheeling diode

Fig. 6-11. Device equivalent circuits.

As an example, the transitions of the scheme SS-11 are analyzed in Sector 1, where —¢ <
wt <m/6,V,. =V, and the space vector arrangement is E — H — E — E — E
1) Transition from S1S2 to S1S6

In this transition shown in Fig. 6-12, S2 is turned off under positive voltage, S6 is turned on
under reverse voltage and S1 is kept on. The junction capacitance of S4 and the freewheeling

diode Df will discharge from V. to V.
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(a) Commutation circuit (b) Device gate signals

Fig. 6-12. Transition from S1S2 to S1S6.

The analysis includes two steps in order to show the impact of the non-switching devices on

the total switching loss. In the first step, only the commutating devices S2 and S6 are considered.

Fig. 6-13. Equivalent circuit of transition from S1S2 to S1S6 without non-switching devices.

The equivalent circuit of the transition is shown in Fig. 6-13. When S2 is turned off, its
junction capacitance Cs is charged to V. and Cp in S6 is discharged to nearly zero. Then the
diode in S6 starts to conduct and the current is commutated from S2 to S6. In this process, the

dissipated energy Es;s, s156 Can be described by
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Es152_s156 = Eon,s— + Eoff,S+ + Es1 conduction = Evab + EVM + Ese,cD - Esz,cs - Eldc

1 2
ES6,CD = E CoVie

Qss = CpViye (6-2)
1 2
Esz,cs = ECSVDC

Qsz = CsVip

where Ey, is the output energy of the voltage source V;,x = ac,ab, bc. Eg, , is the energy
stored in the junction capacitance Cj, of the diode in the switch. Eg, . is the energy stored in the
junction capacitance Cs of the IGBT. Epy ¢, ; is the energy stored in the junction capacitance Cp¢
of the freewheeling diode. E;,_is the output energy of the converter. Esy/pr conduction IS the
consumed conduction energy on Sx (x = 1,2,...,6) or Df. Qs,/pf is the charge variation in the

junction capacitance of the device Sx (x = 1,2,...,6) or Df.

)
2
S1 |dc
+ +
a + V !
Vab T Vac T iy - s4.D - VS4*D
T B — T
+ b * ¢ ) - -I VS4S -I VS4_S
S4= S6 CDSZ Cs T + N +
Pt g
¢ ? n

Fig. 6-14. Equivalent circuit of transition from

S1S2 to S1S6 with non-switching devices. Fig. 6-15. Voltage change on S4.

When both the switching and the non-switching devices are taken into consideration, the

equivalent circuit of the commutation can be redrawn as shown in Fig. 6-14, where S4 and Df
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are modeled as a capacitor. Based on charge balance principle, the voltage change on S4 in Fig.

6-15 can be given by

CpVac + CsVap (6-3)

The output energy of the source V. and the dissipated energy on S2 and S1 are reduced due

to discharging current in the junction capacitance of S4 and Df. The dissipated energy Eg;s, s1s6

in the transition can be given by

ES,1$2_51$6 =Eops- + E(,)ff,5+ + Esl‘l,conduction
=Ey,, +Ev,, + Esecp, — Esacg — Ery + Esacp + Esacs + Epfcpy
Ey, =Ey, — Vac(QS4 + QDf)
CpCs(Ve — Vi)
E + E = -
54,Cp S54,Cs Z(CD + CS) (6 4)

1
Epfep, = ECDf(Vazc — Vi)

_ VpcCpCs
7 Cp + C
Qpr = CpfVic

Comparing (6-2) and (6-4), the reduced switching energy when considering the non-

switching devices can be given by

AEsis53 s1s6 = Esis2_s1s6 — Esis2_s1s6 = Ev,, — (E(/ac + Esacp + Esacg + EDf,ch)
_ WVap = Vae)*(CoCoy + CpCs + CsCpy)
2(Cp + Cs)

(6-5)

2) Transition from S1S6 to S1S2
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Complementary to the previous transition, S2 is turned on and S6 is turned off, as shown in
Fig. 6-16. The junction capacitance of S4 and the freewheeling diode Df will be charged from

Vab to V;zc :

p de
LN .

. . i o
! lac sS4
JF s1 4F's3 4 s5

a

b S3
T— 1 ¢ A pf

{ S6
) T]K T 52 S5
S4 4 S6
4!1 -|rl o
- T S2/s1s2 sise| Df |sise  sis2
(a) Commutation circuit (b) Device gate drive signal

Fig. 6-16. Transition from S1S6 to S1S2.

The equivalent circuit with and without non-switching devices (S4 and Df) can be drawn in
Fig. 6-17(a) and (b) respectively. The output energy of the source V. and the dissipated energy

on S2 and S1 are increased due to the current that charges the junction capacitance of S4 and Df.

) 4o
& ) %
lgc Sl% lac

a +

Vab %
a T ac T Lo
+ + C _
S4:= 56 CD 82 CS l
Lot o
T n
(a) Without non-active devices (b) With non-active devices

Fig. 6-17. Equivalent circuit of transition from S1S6 to S1S2.
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In the circuit in Fig. 6-17(a), the dissipated energy Es;s¢ 5152 IN the transition can be given

by

Esis6_s1s2 = Eopps— + Eons+ + Esiconauction = Ev,, + Ev,, + Es2.cs — Ese,cp — E1y,

1 2
Ese,cD = > CpVpe
Qss = CpVic (6-6)

1 2
Esz,cs = ECSVDC

Qs2 = CsVie

With non-switching devices in Fig. 6-17(b), the dissipated energy Eg;s¢ 15, Can be given

by

’ _ 1 1
E51565152 - Eoff,S— + Eon,5+ + ESl,conduction
_ 1
= Ey,, + Ey,, + Eszcs = Ese,cp = E1y, — Esacp — Esacs — Eprepy

Ey, =Ey, + Vac(QS4 + QDf)

Co Cs (Ve — Vi)

Esscp + Esacs = 2(Cp + Cs) (6-7)

1
EDf,ch = ECDf(VaZc - Vazb)

_ VpcCpCs
70+ C
Qpr = CpfVpe

With the two-step analysis, the increased energy dissipation caused by non-switching

devices can be given by

AE = E! —E _ (Vab - Vac)z(CDCDf + CpCs + CSCDf)
5156_51S2 5156_51S52 5156_51S2 Z(CD T CS)

(6-8)

Comparing  (6-5) and (6-8), AEsisz s156 = AEsise s152) Esis2 s1s6 + Esise s1s2 =

Es152 s1s6 T Es156 s152- The impact of the non-switching devices on the switching loss cancels
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each other in the two complementary transitions. Similarly, the other two transitions can be

analyzed and the total switching energy in a switching period of Sector 1 is given by

ESector 1= Eon,S— + Eoff,S+ + Eon,S+ + Eoff,S— + Eon,SD + Eoff,D + Eoff,SD + Eon,D
= (kon,S— + koff,S+ + kon,S+ + koff,S—)lvbcIdcl (6-9)
+ (kon,SD + koff,D + koff,SD + kon,D)lvabIdcl

In the same way, the switching energy can be derived in Sector 12 (—7/6 < wt <

—Q, Vg < vab) as

ESector 12 = (kon,S— + koff,S+ + kon,S+ + koff,S—)lvbcIdcl (6-10)
+ (kon,SD + koff,D + koff,SD + kon,D)lvacIdcl

Considering the symmetry in the modulation scheme, the total switching loss can be

calculated from these two consecutive sectors by

3/{9 /6 17
Pswitching = f ESectorl d(wt) + J- ESectorlZ d(wt) (6'11)
T -@ -1/6

The non-switching devices do cause higher switching loss in the asymmetric PWM schemes.
The increased loss can be approximated by (6-12), assuming ¢ = 0. It is still very small

compared with the total switching loss.

9 3 @
APswitfching = % V‘n% Csf; (Z - g) (6_12)
The switching loss of all four modulation schemes is derived and the results are compared

in Table 6-5, where the phase angle ¢ is within — 1z /6 to /6 for non-regenerative applications.
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Table 6-5. Switching loss equations of different modulation schemes

Modulation Total switching loss

scheme
Symmetric

S(Egesmg I P = (9mesldc/7T)(kon,SD + Kosrsp + Konp + koff,D)C‘)S(P

-1

YIS | P = (3V3Unfilac/m)[(2 ~ V3c050) (Kons— + Konss + Kogps— + Kogys)

(SS-”) + (\/§COS§0 - 1)(kon,SD + kon,D + koff,SD + koff,D)]
FymmEts | P = (3V3¥ufilae/m)[(2 = V3cose) (konss + korys-)

(Us-111) + (V3cosp — 1)(konso + Kogsn) + (Kogr.sp + Konp)]
et | P = (3V3¥nfilae/m)[(2 — V3cos0) (kons- + Kos.si)

(US-1V) + (V3cosp — 1)(konp + kogr.sp) + (Konso + Kogs)]

6.4 Comparison of Modulation Schemes Considering Different Device Combinations

From the derived switching loss equations in Table 6-5, it can be seen that the relative loss
between modulation schemes is mainly determined by the phase angle ¢ and three following

parameters

k= (kon,S— + koff,S+ + kon,S+ + koff,S—)/(kon,SD + koff,D + koff,SD + kon,D)
k, = (kon,s+ + koff,S—)/(kon,S— + koff,S+) (6'13)
ks = (kon,SD + koff,D)/(koff,SD + kon,D)

k, is the ratio between the switching energy in the switch-switch commutation and the one

in the switch-diode commutation under the same voltage and current conditions.

k, is the ratio between the switching energy in the positive turn-on process and the one in
the positive turn-off process of the switch-switch commutation under the same voltage and

current conditions.
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k5 is the ratio between the switching energy in the positive turn-on process and the one in
the positive turn-off process of the switch-diode commutation under the same voltage and

current conditions.

Fig. 6-18, Fig. 6-19 and Fig. 6-20 give the switching loss comparison of the four
modulation schemes. The switching loss of SS-11 when k; = k, = k; = 1 and ¢ = 0 is selected

as the base for all three figures.

[Jss-I
[(Jss-II

CssA
CJss-I

T 3 usdn g 2 CusH
825 Ousv| = Cus-Iv
2 215
o 2 o
g15 2
£ £ 1
£ 1 S
&0 5L 1 0 & 05.L Al =7 0
W g e S 43 2 e w2 g -~ 3 2
® /12 6 "5 K1 ® n/12 w6 5 K2
Fig. 6-18. Switching loss vs. k1 and . Fig. 6-19. Switching loss vs. k2 and .

In Fig. 6-18, the switching loss varies with k; and ¢ when k, = k5 = 1. In this case, the
switching loss of US-1Il and US-IV are the same. SS-1 has lower loss than SS-1I when k,
becomes larger than 3, indicating that the switch-switch commutation has 3 times switching
energy of the switch-diode commutation. Because SS-I has no commutations between switches,

it can save much switching loss when k; is large.

Fig. 6-19 shows the variation of the switching loss with k, and ¢ when k; = k; = 1. In this
case, the switching loss of SS-1 is higher than the other three schemes. US-IV has the lowest loss
when k, is larger than 1 since it has no positive turn-on process in the switch-switch
commutation. It is suitable for application when some minority carrier device such as Si PiN
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diode or RB-IGBT is used in the switch and there is large reverse recovery current in the positive

turn-on transition (Fig. 6-8). Otherwise, US-I11 has lower loss because it has no positive turn-off

process in the switch-switch commutation. The voltage overshoot (Fig. 6-7) and “tail current”

(Fig. 6-6) will increase the switching loss in positive turn-off process. And Fig. 6-20 shows the

variation of the switching loss with k5 and ¢ when k; = k, = 1. The switching loss of US-1II is

the lowest when k5 is larger than 1. Otherwise US-1V has the lowest switching loss.

[Jss-l
= [(Jss-Ii
a us-il
25 Cus-v|
S 4
23
£ 2 : 5=
% 14 0
-m/6 12 » iy 2

112 = 4
® ™ e 5 k3

Fig. 6-20. Switching loss vs. k3 and .

For the three-phase buck rectifier without freewheeling diode, the switching loss

expressions in Table 6-5 can be simplified by setting k; = 1 and k, = k5. In this case, the

switching loss of SS-11, US-111 and US-1V are all the same, which is v/3 times of that of SS-I.

Table 6-6. Coefficients of different device combinations

No. Switch Sx D ki | k2 | k3
1 RB-IGBT 3.10 | 1.51 | 0.37
2 | IGBT and Si soft-recovery diode | SiC Schottky diode | 2.18 | 0.83 | 0.55
3 IGBT and SiC Schottky diode 1.56 | 0.49 | 0.57

156



The coefficients k,, k, and k5 of three device combinations are calculated based on the
measurement results and shown in Table 6-6. k, is larger than 1 in all the combinations. RB-
IGBT has the largest k; because its switching speed is much lower than normal IGBTS, causing
more loss in the switch-switch commutation. k; can be reduced by employing a majority carrier
device, such as the SiC Schottky diode, in series with the switch. k, is larger than 1 for the RB-
IGBT case, indicating that the positive turn-on loss is higher than the positive turn-off loss in the
commutation between two RB-IGBTSs, where the large reverse recovery current of the RB-IGBT

contributes mostly to this loss. In other cases, k, < 1 and k5 < 1.

The switching loss comparison of four modulation schemes with different device
combinations is shown in Fig. 6-21 to Fig. 6-23, where the switching loss of SS-I11 when ¢ = 0
in Fig. 6-21 is selected as basis. In the two asymmetric modulation schemes, US-IV is
advantageous for RB-IGBT and IGBT + Si diode cases as shown in Fig. 6-21 and Fig. 6-22

respectively. US-111 is more efficient for IGBT + SiC diode as shown in Fig. 6-23.

In the two symmetric modulation schemes, SS-I has lower switching loss for RB-1GBT,
especially when ¢ is far from zero. When normal IGBT are used, SS-II has lower switching loss

because of its lower voltage stress.

2
i

= =SS-| 50.35 -
91.2\ =SSl ; e —gg::l
3 \¢ — ( us-il 2 03~ N us-lii
=4 1~ | | TN =-JS-1V 3 < } —=US-IV
50.8 s T —p—

0.6 @ 024—— ! ! |

-m/6  -m/12 0 mi2 /6 -m/6  -m/12 0 m/i2  T/6

0} [
Fig. 6-21. Switching loss comparison with RB-  Fig. 6-22. Switching loss comparison with
IGBT. IGBT + Si diode.
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Fig. 6-23. Switching loss comparison with IGBT + SiC diode.
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In the design of a unity-power-factor three-phase buck rectifier, the phase angle ¢ can be
controlled to compensate the displacement factor caused by the input filter of the converter. For
the buck rectifier with specifications per Table 6-7, the change of ¢ with output power is shown
in Fig. 6-24, and the switching losses of the four schemes under different output power in Fig. 6-
25. RB-IGBT devices were used in this case with SiC Schottky as freewheeling diode. It is

shown that US-IV has lowest loss over the whole output power range.

Table 6-7. Buck rectifier parameters

Parameter Value

Input line voltage 480 Vrms

Output dc voltage 400 V

Maximum output power | 6 kW

Maximum dc current 15A

Input capacitor C; 6 uF

Input inductance L; 110 pH

DC-link inductance Ly, | 1.9 mH

Switching frequency f; | 10 kHz
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Fig. 6-24. Change of ¢ with output power. buck rectifier.

6.5 Conclusion

In this chapter, the different commutation types of a three-phase buck rectifier with a
freewheeling dc-bus diode were analyzed through experiments. The lossiest transition was
accordingly identified for the different semiconductor device configurations considered. Then
the switching loss of the buck rectifier was modeled, including both the switch-switch and
switch-diode commutations, and the effect of the non-switching devices, where the latter was
shown to be negligible compared to the total switching loss. Based on the derived switching loss
equations, four modulation schemes were compared for different device combinations, showing
how space vectors could be arranged to eliminate the transitions with the highest switching
losses. Several guidelines were finally drawn for the selection of the highest efficiency

modulation scheme for three-phase buck rectifiers, namely

e When minority carrier devices such as RB-IGBT and Si PiN diode are applied in the
switches, the switching loss in the switch-switch commutation is usually much larger

than that in the switch-diode commutation, due to severe reverse recovery current and the
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conduction modulation lagging effect. A modulation scheme such as the Symmetric

Scheme | with no switch-switch commutations is recommended in this case.

When majority carrier devices such as SiC Schottky diodes are used in the switches, the
loss difference between both types of commutations is marginal if noticeable. In this case,
the voltage stress on the switches is the dominant factor deciding the switching loss. A
modulation scheme such as the Symmetric Scheme Il with minimized voltage stress will

have higher efficiency in consequence.

When the loss caused by the reverse recovery current is large in the positive turn-on
process, the modulation scheme such as Asymmetric Scheme IV is recommended,

because it has no positive turn-on process in the switch-switch commutation.

When the loss caused by the “tail current” and conduction modulation lagging effect is
large in the positive turn-off process, the modulation scheme such as Asymmetric
Scheme 111 is recommended. Because it has no positive turn-off process in the switch-

switch commutation.
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7 Compensation of Input Current Distortion

In this chapter, the current distortion caused by the overlap time is analyzed first. A
modified pulse-based method is proposed for the overlap time compensation. The commutation
in the buck rectifier is modeled, and a minimized overlap time is proposed. Based on the model,
the compensation pulse width can be generated under different switching voltage and current.

The proposed method is verified through experiments in a 7.5 kW all-SiC buck rectifier.

7.1 Distortion Caused by Overlap Time

The commutation in the buck rectifier occurs between the upper three switches (S1, S3, and
S5) or the lower three switches (S4, S6, and S2) in the buck rectifier. The basic commutation unit
can be drawn in Fig. 7-1, containing two switches Sx and Sy. The voltage sources Vx and Vy
indicate two phase voltages, and I is the DC current on the inductor L. In Fig. 7-2, a double
pulse test circuit is built based on Fig. 7-1 to study the commutation under different operating
conditions. The active switches are 1200 V SiC MOSFETs, CMF20120D, from Cree [82], and
the series diodes are 1200 V SiC Schottky barrier diodes (SBDs), SDP60S120D, from

SemiSouth.
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Fig. 7-1. Commutation unit in buck rectifier: (a) Circuit schematic; (b) Gate signals.

The commutation between S1 and S3 in Sector 2 and 3 are taken as an example. The typical
gate signals are shown in Fig. 7-3 for S1 and S3. The overlap time t, is added on the reference

gate signals of S1 and S3 to prevent the interruption of DC inductor current, as shown in Fig. 7-3.

When v, = 0, the transition happens when S1 switches at t; and t, rather than the ideal
moment t, and ts, resulting in a gain in the input current i, and a loss in i,,. When v, < 0, the
transitions occur at t; and t, when S3 switches, rather than the ideal moment t, and ts, resulting
in a loss ini, and a gain ini,. This gain and loss will cause distortion of the fundamental

component of the input current in Fig. 7-4, where the effect of the overlap time toggles when v,

Or v, Cross Zero.
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Fig. 7-2. Device double pulse test board.



S1 I_>

tal2 S tal2
S3 L >
O 11243 456 Ts t
i E-:lgleal Z‘] E,: -
Vab20- gain
B _Eﬁzideal m
~lb < < >
loss

. 5 3 "
‘ia'deal“ﬁlzloss F,J “J_ >
_ibldeaI:—i jl |z?:‘ 5]

*gain

Fig. 7-3. Overlap time distortion.

Vab<0r

6 w2 5mw/6 7mw/6 3mw/2 11m/6
Phase angle (rad)

Fig. 7-4. Input current distortion.

7.2 Modified Pulse-Based Compensation Method

The traditional pulse-based compensation method adds the overlap time to the gate signal of
the switch which bears reverse voltage. It depends on the polarity of the line-to-line voltage. As
shown in Fig. 7-5, the gate pulse width of S3 is added by 2t, to compensate the overlap time in
Sector 2 when v,;, = 0. The input current will have no distortion since the transition happens at
the ideal moment t, and t. Similarly, the overlap time is added on the S1 gate signal in Sector 3
when v, < 0. The traditional compensation method assumes that the commutation time is much

smaller than the pulse width and can be omitted.
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However, the commutation time will become much longer and cannot be ignored when the
line-to-line voltage is crossing zero or the DC current is small under light load, as shown in Fig.
7-6. Under these conditions, the traditional method is not enough to compensate for the overlap
time effect. The turn-on waveforms of Sx are measured in the double pulse test (Fig. 7-1 and Fig.
7-2) and shown in Fig. 7-7(a) when v,,, = 340 V and I,;. = 20 A. In Fig. 7-7(b), v,,, = 10 V and
I;. =20 A. The rise time of I;, is more than 200 ns in Fig. 7-7(b), ten times of that shown in Fig.

7-7(a). The turn-off waveforms of Sx are shown in Fig. 7-8 when v,, = 680 V. The fall time of

145 1540 ns when I;,=12 A in Fig. 7-8(a) while 280 ns when I, = 1.5 A in Fig. 7-8(b).
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Fig. 7-8. Measured turn-off waveforms: (a) v,, =680 V, I =12 A; (b) vy, =680V, I;c =1.5A.

A modified pulse-based compensation method is proposed to compensate the overlap time.
As shown in Fig. 7-9, two more modules are added to the traditional method. First, the minimum
overlap time t, is selected for the gate signal to speed up the transition and reduce the
compensation effort. The commutation process is modeled to generate the compensation pulse
width t. according to line-to-line voltage v,,,, dc current I,., and the overlap time ¢,. Finally the
ideal reference pulse width t; is added by 2t, and t, to get the actual reference pulse width t,,

which is sent to the modulator.
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Fig. 7-9. Modified pulse-based compensation method.

7.3 Commutation Analysis in Buck Rectifier

To model the commutation in the buck rectifier, the theoretical turn-on waveform of Sx is
shown in Fig. 7-10 when v,,, = 0 [124]. When the parasitic inductance L,is not considered, the
channel current of the MOSFET is proportional with the gate voltage from ¢, to t,, as the solid
line shown in Fig. 7-10. The gate charge time is proportional to the gate resistor R; and the input

capacitor C;4 (including gate-source capacitor C;s and gate-drain capacitor Cg;p).

0ty to

Fig. 7-10. Theoretical turn-on waveform of Fig. 7-11. Sx turn-on circuit with parasitic
SX. inductance.
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When L,is considered, the current rise time will be increased when the switching voltage is
low, as the dash line shown in Fig. 7-10. In this case, the voltage v,, is distributed on the

parasitic inductance L, in Fig. 7-11. The current rise time can be written as I;.L,, /vy,,.

The current rise time t,; of Sx is determined by the larger of the two and is given by
t,; = max(27,IgcLy/Vyy ), Where T = R (Cp + Cgs). When vy, is small, t,; is predominantly

IqcLy/vyy. The charge loss of Sx or the charge gain of Sy can be approximated by t,.;14./2.

Conservatively, Sy should be kept on until current is fully commutated to Sx when v,,, = 0.

The overlap time t, should be larger than t,;, which is long when v,,, is close to zero.

Actually it is possible to accelerate the turn-on process of Sx with careful selection of ¢, . If
ta Is set to the gate charge time 2t, the gate of S1 has reached the turn-on voltage at the end of
overlap time although its current has not reached I;.. When Sy is turned off, the DC inductor

will force the current to be commutated to Sx.

Fig. 7-12. Sx turn-on circuit with reduced overlap time.

The commutation with reduced overlap time can be described with the equivalent circuit in

Fig. 7-12. When Sy is turned off, the related current and voltage in the commutation can be
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expressed by (7-1) where g is the transconductance of the MOSFET, vy, ,, the gate-source

voltage of Sy, and V. the gate drive voltage.

dig
P dt
vy + VL, = Vg y
< lgs + ids_y = lgc (7-1)
dids_y _ dvgs_y
e I ar
\ Vgs_y = VGGe_t/T

.
U+ VU =Vgs+ L

In this transition, the voltage on Sx has already dropped to a low value, so v,scan be
ignored in (7-1). The voltage spike on Sy can be given by (7-2) and is proportional to the gate

turn off speed of Sy and the parasitic inductance L,,.

dv, L,gssV,
_ gs pYfsVaea
Vas .y = _Lpgfs W — Uxy m — Uxy

The experimental waveforms of the turn on process under different overlap times are shown

(7-2)

in Fig. 7-13, Fig. 7-14, and Fig. 7-15 when v,,, = 10 V and I, = 20 A. The overlap time, current

rise time, and voltage spike on Sy are listed in Table 7-1. When overlap time is 550 ns in Fig. 7-

15, there is no voltage spike on Sy.

Table 7-1. Switching characteristics with different overlap time

Overlap Time | Current Rise Time | Voltage Spike on Sy
10 ns 70 ns 0V
150 ns 180 ns 25V
550 ns 270 ns -
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Vg (10V/div)

Ve y (10V/div)
i - RPNy

lgs (LOA/div)

Vs (20V/div)
Time (100ns/div)  Vasy (20V/div)

Fig. 7-13. Turn on with 10 ns overlap time.

R
Ve (10V/div)
Vs y (10V/div)

. S, ¥, W S OISR R

lgs (LOA/div)

Vs (20V/div)

Time (100ns/div)  Vasy (20V/div)
Fig. 7-14. Turn on with 150 ns overlap time.

Vs (10V/div)
Vgs_y (10V/div)

lys (LOA/diV)

Vs (20V/div)

Time (100ns/div) ~ Vasy (20V/div)
Fig. 7-15. Turn on with 550 ns overlap time.

In Fig. 7-13 and Fig. 7-14, it is obvious that the slope of I;; will increase when Sy is turned

off. The commutation is accelerated while the voltage spike is affordable.
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With reduced overlap time, the commutation can be accelerated and the charge loss can be
largely reduced. The compensation time for the turn-on process of Sx can be expressed by (7-3)

when v,,, = 0.

IycL IgcL
I{ max(r i p>,Wh€Tl P <t
vay Uxy
ON_offset(vyy, Iac) =
|

tAv 1L
max | T, tA< 2 xy) ,when ey ta
\ 2Ll 4, Vsy

The theoretical turn-off waveform of Sx is shown in Fig. 7-16 when v,, > 0 [124]. Before

(7-3)

Sx is turned off, Sy has been turned on although there is no current flowing in it. In this

commutation, the overlap time should be long enough for the gate of S3 to be charged.

If the junction capacitor on Sy is not considered, Sx current will not drop until v,gis
charged to v,,,, as the solid line shown in Fig. 7-16. The channel current of the MOSFET in Sx is
proportional with its gate voltage from ¢, to t, The current fall time t;; can be approximated by

2T.

But in the actual circuit, the junction capacitor on Sy will always delay the voltage increase
on Sx, as the dash line shown in Fig. 7-16. The equivalent circuit can be drawn in Fig. 7-17,

where C,;and C,, are mainly the output capacitance of the devices. C,, includes the drain-source
capacitance Cpsand gate-drain capacitance C;p, of the MOSFET. C,; is the junction capacitance
of the series diode. When Sx is turned off, C,;will be charged and C,,will be discharged by the
DC current. The charge or discharge time can be approximated by vy, C, /1., where C, = C,; +

Cpz-
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The current fall time t;; of Sx is determined by the larger of the two and is given by
trr = max(27, vy Cp/1ge). When vy, is large and Iy, is small, ty; is predominantly vy, C,/I,..

The charge gain of Sx or the charge loss of Sy can be approximated by t,;I4c/2 + taors)lac-

I—dc
m %
Vas ) J__sz dc

+\ +Cpl T

IdST SX Sy
.-
Vxy

Fig. 7-16. Theoretical turns-off waveform of Fig. 7-17. Sx turn-off circuit with parasitic
SX. capacitance.

The compensation time for turn-off process of Sx can be expressed by (7-4) when v,,, = 0.
Its pulse width should be reduced when v,, > 0. The junction capacitance is a function of the
voltage on the device [82]. A look-up table is built in a digital signal processor to estimate

Cpunder different voltage conditions.

Vyy Cp \ V.
OFF_offset(vxy, Iy) = —taorr) — Max <t,%(xy)> (7-4)
dc

7.4 Application of Proposed Compensation Method

Based on the analysis above, the minimum overlap time t, is the gate charge time
2R;(Cs;p + Cgg) for both the turn-on and turn-off process. The compensation time ¢, for Sx is

ON_offset(vyy Iac) + OFF _offset(v,y,1o.) WheNvy, > 0. Meanwhile, the pulse width of Sy should be

reduced by on_offset(v.y, Iuc) + OFF _offset(vyy,1oc) WHEN vy, > 0.
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Take S1 as an example. S1 has switching behavior in 180 of a line period. The
compensation pulse width in 6 sectors is listed in Table 7-2 for S1 and its complementary switch.

The modulation scheme is Modified Fullwave Symmetrical Modulation (MFSM) [94].

Table 7-2. Compensation pulse width

Sector Compensation Pulse Width Voltage
10 S1 —ON_offset(eq, lg.) — OFF_offset(q, 1) b >0
S5 ON_offset(veq, ly.) + OFF_offset(veq, Iyc) ca =
1 S1 ON_offset(vg., ly.) + OFF_of fset(vg, lyc) o <0
S5 —ON_offset(vy,ly.) — OFF_of fset(Ve, lac) ca
12 S1 ON_offset(vye, lg.) + OFF_of fset(vg, L) o <0
S5 —ON_offset(vg.,ly.) — OFF_offset(vye, I4.) ca
1 S1 ON_offset(Vap, lg.) + OFF_offset(vyy, Lac) o > 0
S3 | —ON_offset(Wap,lac) — OFF_offset(Vap, lac) ab
) S1 ON_offset(vap, Iy.) + OFF_offset(vgp, L) b >0
S3 —ON_offset(Wap, lyc) — OFF_offset(vyy, lac) ab =
3 S1 | —ON_offset(Wpq, lac) — OFF_offset(Vpq, lac) b <0
S3 ON_offset(Vyq, 1) + OFF_offset(vpg, Lac) ab

7.5 Experimental Verification

A 7.5 kW all-SiC three-phase buck rectifier was built (Fig. 7-18) [86], whose parameters
are shown in Table 7-3. 4-paralleled SiC MOSFETs and 2-paralled SiC Schottky diodes are

connected in series for each switch in order to reduce the conduction loss.
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Interface DCinductor
DSPboard board DCcapacitors connector

ACinput ACinductor ACinput Coldplate Mainboard
terminal connector capacitors

Fig. 7-18. 7.5 kW all-SiC buck rectifier.

Table 7-3. Three-phase current source rectifier parameters

Power Rating 7.5 kW
Input Voltage Rating | Three-phase line-to-line 480 Vacrms
Input Inductor 110 pH each phase
Input Capacitor 6 | each phase
Output Voltage Rating 400 V¢
Output Inductor 1.9 mH
Output Capacitor 150 F
Switching Frequency 28 kHz
Efficiency 98.5 %
Power Factor > 99 %

The parameters are listed in Table 7-4 for the compensation formula (6-3) and (6-4). The
time constant and turn-off delay t4r)are measured in the converter and the parasitic
inductance L, is estimated based on the PCB trace length. The parasitic capacitance C, is
estimated based on the junction capacitance value provided in the device datasheets [82]. It is

shown in Fig. 7-19 that C,, decreases as the switching voltage increases.
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Table 7-4. Compensation parameters in converter

Time Constant T 10 ns for turn on process

20 ns for turn off process

100 nH

Parasitic inductance L,

Turn-off delay tacorp

40 ns

10°

10"

Cp (nH)
r

10 M—

1

100

100 200

300 400 500 600 700 800
Switching Voltage (V)

Fig. 7-19. Cp under different switching voltages.

Experiments were carried out to verify the proposed compensation method. As shown in Fig

7-20, the input current will have much distortion when the overlap time is not compensated.

With the proposed compensation method, the distortion is largely reduced.

V..(100V/div)

Time(5ms/div)

A
/)

i (2A/div)
/\VM“OOV/("Y\ !

/ ihs(2A1diV)
/ \ )

\

SoR )2
Iy (2A/div)

{i X

-« &
Time(5ms/div)

Fig. 7-20. Experiment results without (upper) and with (lower) overlap compensation (480Vac,
2.5A Idc).
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In Fig. 7-21, Fig. 7-22, Fig. 7-23, and Fig. 7-24, the buck rectifier is operating under 208V
input line-to-line voltage and 20A output current. In Fig. 7-21, the traditional compensation
method is applied with 500 ns overlap time. The overlap time is chosen to be longer than the
transition time when the voltage is small. The input current has resonance when the line-to-line

voltage crosses zero.

Based on the previous analysis, the overlap can be largely reduced to accelerate the
commutation. As shown in Fig. 7-22, the overlap time is only 100 ns, and the distortion is much
less than that in Fig. 7-21. Their harmonic comparison is shown in Fig. 7-25. The total harmonic

distortion (THD) decreases from 1.9% to 1.4% with the reduced overlap time.

In Fig. 7-23, though the overlap time is still 500 ns, it is compensated based on the
commutation model proposed in this chapter. The distortion is reduced compared with Fig. 7-21.
Their harmonic comparison is shown in Fig. 7-26. The THD decreases from 1.9% to 1.7% with

the pulse compensation.

Small overlap time and the compensation based on the commutation model are both used in
Fig. 7-24, and there is almost no obvious distortion in the current waveform. Their harmonic
comparison is shown in Fig. 7-27. The THD decreases from 1.9% to 1.3% with the proposed

method.

Va (100V/diy

las (5A/diV)

Time (2ms/div)
Fig. 7-21. Experiment results with traditional method (208 Vac, 20A Idc, 500 ns overlap time).
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las (5A/diV)

Vap (100V/div

Time (2ms/div)

Fig. 7-22. Experiment results with reduced overlap time (208 Vac, 20A Idc, 100 ns overlap
time).

l.s (5A/div)

Time (2ms/div)
Fig. 7-23. Experiment results with pulse compensation (208 Vac, 20A Idc, 500 ns overlap time).

las (5A/div)

Vab (100V/div

Time (2ms/div)

Fig. 7-24. Experiment results with proposed method (208 Vac, 20A Idc, 100 ns overlap time).

The compensation pulse width for S1 changes with v, in the experiment, as shown in Fig.
7-28. The turn-on compensation time T, is largest when the voltage crosses zero. The turn-off
compensation time T is small in this experiment because the turn-off speed of S1 is high in this

case.
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Fig. 7-25. Harmonic reduction with reduced overlap time (208 Vac, 20A Idc).
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Fig. 7-26. Harmonic reduction with pulse compensation (208 Vac, 20A ldc).
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Fig. 7-27. Harmonic reduction with proposed method (208 Vac, 20A ldc).
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Vab (100V/div)

2ms N

Ton (100ns/div) /\ Toff (100ns/div)
0.1ms mﬁ (100ns/div)
—

Fig. 7-28. Compensation pule width for S1 (208 Vac, 20A ldc, 500 ns overlap time).

ls (LA/div)

Time (2ms/div)
Fig. 7-29. Experiment results with traditional method (480 Vac, 5A ldc, 500 ns overlap time).

Vs (200V/div)

l.s (1A/div)

Time (2ms/div)
Fig. 7-30. Experiment results with proposed method (480 Vac, 5A Idc, 100 ns overlap time).
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Fig. 7-31. Harmonic reduction with proposed method (480 Vac, 5A Idc).
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To n/+Toff (100ns/div)
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Toff (100ns/div)

2ms Vo (200V/div)

Fig. 7-32. Compensation pule width for S1 (480 Vac, 5A ldc, 100 ns overlap time).

In Fig. 7-29 and Fig. 7-30, the buck rectifier is operating under 480V input line-to-line
voltage and 5A output current. The proposed method can reduce the distortion in the current
waveform. Their harmonic comparison is shown in Fig. 7-31. The THD decreases from 2.5% to

2.0% with the proposed method.

In this case, the turn-off speed is low under large voltage and small current. The turn-off

compensation time T changes with the voltage in Fig. 7-32.

Because of the fast switching speed of SiC devices, the compensation pulse width is usually
less than 300 ns. The distortion will be more severe when some lower speed devices are used or
the input capacitor is small or the converter is operating at higher switching frequency. In these

applications, the proposed method will bring more improvement to the current waveform.

7.6 Conclusion

In this chapter, a modified pulse-based compensation method is proposed to compensate
overlap time. In addition to the traditional method that places the overlap time based on the
voltage polarity, the new method first minimizes the overlap time to reduce its effect and then

compensates the pulse width according to the sampled voltage and current. The experiments
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have demonstrated its advantages over traditional methods especially when the switching voltage

is near zero.

180



8 Control Algorithm in Discontinuous Current Mode

In this chapter, the three-phase current source rectifier is modeled and analyzed in
discontinuous current mode (DCM). It is demonstrated that the pole and gain of the transfer
function that describe its intrinsic dynamic are significantly different from those under
continuous current mode (CCM), which may exacerbate the control performance. Further, a new
modulation scheme suitable for DCM is proposed for the CSR, where the space vector sequence
is arranged as to assure that the dc current remains continuous during the active space vector
time. Combined with the DCM modulation, a digital compensation method is applied to control
the CSR in DCM. Simulation and experimental results are used to verify the significant

reduction in input current distortion achieved by the proposed strategy.

8.1 Analysis of Dc-Link Current Ripple

To simplify the following analysis, several assumptions and definitions are specified: 1)
The voltage on the input capacitor C,, as defined in (8-1), is assumed to be sinusoidal without
ripple and is constant in a switching period Ts. 2) The fundamental frequency component of the
input current of the CSR has a phase difference ¢ with respect to the capacitor voltage Cs as
shown in (8-1). 3) The switching frequency is much larger than the line frequency. 4) The load

current is constant I ;. and the load voltage is constant V.. 5) All switches are ideal.

( U, cos(wt + @),ig = Ipcos(wt)

| 21

4 vy = Vpcos (a)t -——+ (p) ip1 = Iycos (a)t - ?> (8-1)
| , 2

kvc [nCOS (a)t +—+ (p) ¢y = Lycos (a)t + ?>
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According to the relationship between the input voltage and current in (8-1), 12 sectors are

divided in Fig. 8-1(a) for the buck rectifier. On the space vector plane in Fig. 8-1(b), the input
current space vector iy, = \Elmef‘*’t can be synthesized by six active space vectors E’x =

1,...,6 and a zero vector E [Sx,Sy],x, y = 1,...,6 denotes the on state of the switches S, and S,,

in a space vector. Considering both the switching loss and operational modulation index range,

i7pc Is usually composed by two consecutive active vectors and zero vector in each sector [97].

| | i
|

- | .
\/%//f m»
TN TN

| | | | | |

L 1 | L | | | 14
! L 81 90! 1112

w2 5w/6 7w/6 3m/2 11m/6

Phase angle (rad)

(a)

Fig. 8-1. Sector division in space vector PWM: (a) Input current and voltage; (b) Space vector
plane.

Table 8-1 shows four modulation schemes under study in this chapter, including two
symmetric ‘“4-switch” schemes and two asymmetric “3-switch” schemes. The output voltage Vi
in two consecutive sectors is used to tell their difference on space vector arrangement.
Symmetric Scheme 11 (SS-11) is proposed in [94] as “Modified Fullwave Symmetrical
Modulation (MFSM)”. Asymmetric Scheme IIT (US-111) is firstly proposed in [128] to realize

soft switching and reduce the switching loss. Asymmetric Scheme 1V (US-1V) is mentioned in
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[129] and [130]. Symmetric Scheme Il (SS-II) is a new symmetric modulation scheme

specially designed for DCM operation.

Table 8-1. Modulation schemes of CSR

Ouput voltage Vpn
Modulation scheme | Sector12:V,>V.>V, | Sectorl: V.>Vp>Ve
—n/6<wt<—@| —p<wt<n/6
Symmetric Scheme 11 vablo | VagVab vacl b | vap V2
(SS_”) S1S6|S1s2 i S1S2S1S6 S1S251S6 i S1S6S1S2
0 Ts 0 Ts
Symmetric Scheme 11l | vag "™ | |V®Vag Vab "2 | Vaap
(SS'III) S1S2/S1S6 3 S1S6[S1S2 51S6S1S2 3 S1S2[S1S
0 Ts 0 Ts
Asymmetric Scheme Il1 Voo | Vab vab | Va°
(US-| I |) S1s2 | sS1s6 S1S6 | S1S2
0 T. 0 T
Asymmetric Scheme 1V vab I —— vac —yop
(US' I V) S1S6 | S1S2 S1S2 | S1S6
0 Ts 0 T

The envelope of the dc-link current ripple depends on the modulation scheme used in the
CSR. Two modulation schemes, SS-Il and US-1V, are considered in this analysis. The analysis

circuit is shown in Fig. 8-2, where the output voltage V,,,, depends on the space vector.
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I—dc

idc(t)

Vdc 0

Fig. 8-2. Ripple analysis circuit.

S1S2[S1S6{

0 Ts/2 Ts

Fig. 8-3. Dc-link ripple in SS-11.

As shown in Fig. 8-3 and Fig. 8-4, the dc-link ripple changes with the output voltage in a

switching period in Sector 12. Depending on the space vector arrangement, the piecewise

formulas can be derived by (8-2) based on the current ripple in Fig. 8-4. The formula (8-2) is

valid as long as the dc-link current is continuous. i, can be calculated assuming the voltage-

second balance on the dc-link inductor in a switching period. The duty cycles d; and d, are

given by (8-3) when Ai;. < I4,.

Uy =V,
( Tab T ey 4, 0<t<dT,
de
Uac_Vdc Vep .
——t+—d T, +ip,d T, <t < (dy +d,)T.
Aldc :< de de 14s lO 14s ( 1 2) S
_Vdc Vac Vab
t+—d, T, + —d T, + iy,
de +de 2 de v ‘o
\ (di +d)T, <t <T,
|ib1| |ic1|
d :—'d = —
! Idc 2 Idc
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vV ° diTs d2Ts a| |
pn
V
N I L
Vac I
S1S6 S1S2 L
0 T1 T, Ts

Fig. 8-4. Dc-link ripple in US-IV.

N
N

[
[

o
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SS-Il current ripple (A)

[
.y

SS-Il current ripple (A)

. -2 - L
“Zl6 0 6 /6 0 6

Fig. 8-5. Analysis result of current ripple with Fig. 8-6. Simulation result of current ripple
SS-I1. with SS-I11.

The period of the dc-link current ripple is 1/6 of the line period, so the analysis of two

consecutive sectors is enough to predict the current ripple. The peak value of the ripple can be

derived by Aig._pear = ?Z;CC (1

_ Y3Vac
3V,

), when ¢ = 0. When Aigc_pear > Igc, the de-link

current will become discontinuous.
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Table 8-2. Three-phase buck rectifier parameters

Input Voltage Rating 480 Vy¢
Input Inductor 110 pH each phase
Input Capacitor 6 |F each phase
Output Voltage Rating 400 V¢
Output Capacitor 150 F
Switching Frequency 28 kHz
Dc-Link Inductance 1.9 mH

The current ripples of SS-Il and US-1V are analyzed and drawn in Fig. 8-5 and Fig. 8-7
respectively. The parameters are listed in Table 8-2 for this calculation. The dc-link current will
become discontinuous when the output power is lower than 618 W. The simulation results with
SS-11 and US-IV are shown in Fig. 8-6 and Fig. 8-8 respectively, which agree well with the

analysis.

L\S}
N

=

N
US-IV current ripple (A)
- o »

US-IV current ripple (A)
- =)

6 0 6 “Zil6 ) 6

Fig. 8-7. Analysis result of current ripple with Fig. 8-8. Simulation result of current ripple
us-1v. with US-1V.
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8.2 Modulation Schemes for DCM Operation

For normal operation in DCM, the space vectors should be arranged to ensure that the dc-
link current keeps continuous in the active vectors. Otherwise, the pulse in the input current will

be lost and cannot be compensated by the control algorithm.

0 T, T,T5Ts

Fig. 8-9. Dc-link current ripple in DCM with US-IV.

In modulation US-1V in Table 8-1, the active vector which has the highest output voltage is
arranged at the beginning of a switching period. Then the other one is arranged afterwards. The
zero vector is put at the end of the period. In this way, the current will increase from zero in the
first active vector and keep continuous in the second one, as shown in Fig. 8-9. The vector

arrangement will alternate every 1/6 line period.

VOHdZTS_; diTs— ||
pn V
Vg ——— __ab___||
Vac I_I
S1S2 S1S6 N
0 T1 ToT3Ts

Fig. 8-10. Dc-link current ripple in DCM with US-II1.
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For US-I11 in Table 8-1, the space vectors are arranged in the opposite way of US-IV. As
shown in Fig. 8-10, the dc-link current becomes discontinuous in vector S1S2 because V. <
V;.when wt is close to —m/6. Current pulse is lost in phase c, resulting in input current

distortion.

Von
V. V.
Vdc__ Vab | __ _ | Vab | Il
Vac
S1S6| S1S2 [S1S6
0T, T, T3 T4 Ts

Fig. 8-11. Dc-link current ripple in DCM with  Fig. 8-12. Dc-link current ripple in DCM with
SS-111. SS-II.

Compared with the asymmetric scheme, the symmetric modulation schemes are more
popular for its lower harmonics and fixed ripple-free points for dc-link current sampling. For the
symmetric modulation schemes in Table 8-1, SS-Il1 is able to keep the current continuous in
active vectors in DCM, as shown in Fig. 8-11. But SS-1I will lose half the active vectors S1S2

when V. < V., as shown in Fig. 8-12.

Based on the analysis, the modulations SS-1l1 and US-11l cannot work consistently well in

DCM unless V,,,, is larger than V. during active space vectors.

8.3 Model of CSR in CCM and DCM

In this section, the small signal models will be derived for the CSR in DCM and compared

with the CCM model. In this analysis, the modulation US-1V is considered for its simplicity. In a
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switching period, two active switches and the freewheeling diode are involved in the
commutation. The three-phase CSR can be simplified to the circuit in Fig. 8-13 where S2, S6 and

D are commutating in Sector 12, — /6 < wt < —¢.

P Ly
-
ldc
a
D L g
Vab Vab K Cdg— R
b c )
S6 S2
[ [
n

Fig. 8-13. Simplified commutation circuit.

8.3.1 CCM Model

In CCM, the dc-link current is shown in Fig. 8-4. The average model of the buck rectifier
can be derived by averaging the state variables over a switching period. The voltage on the dc-

link inductor can be derived by (8-4), where (x)r is the average value of the variable x over a

switching period Ty, dy_.crm and d,_...n are the duty ratios of S6 and S2 respectively in CCM.

d<idc)Ts
dt

After the perturbation and linearization using Taylor expansion, the small signal model and

Lac = <Uab)Tsd1—ccm + (vac)Tst—ccm - (vdc)Ts (8-4)

the quiescent operation point are derived by (8-5), where X is the disturbance of the variable x

near its quiescent operation point X. The transfer function can be derived from (8-5) using the

Laplace transformation as given by (8-6) with a pole at the origin.
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LdC 7 - Vab dAl—CCm + VaCdAZ—ccm + ﬁabD1—ccm
+ﬁacD2—ccm - 1/J\dC (8-5)

VabDi—cem + VacDa—cem — Vac = 0

lac(s)  Vap

dl—ccm(s) B deS
. 8-6
ldc(s) _ Vac ( )

dz—ccm (S) B deS

8.3.2 DCM Model

In DCM, the dc-link current ripple is drawn in Fig. 8-9, where the current becomes
discontinuous during zero vector. d;_gcm,» d2—gem@nd ds_g0m are the duty cycles in DCM (Fig.

8-9) and d5_ 4., Can be derived by (8-7).

(Wap)1,d1-aem + (Vac)r,da-
d3—dcm = St dcde ac’ls 2-dem - (dl—dcm + dz—dcm) (8'7)
c

The voltage on the dc-link inductor can be derived by (8-8) in DCM.

Hackr, _ (4 +(v,)r.d — (vge)r d
dc dt - 1/T¢¥1—-dem 2/TgW2—dem dc/T¢%3—decm (8-8)

(Vl)TS = <vab)Ts - (Udc)Tsl (UZ)TS = (vac)TS - (vdc>T5

After substituting d;_ 4., With (8-7), (8-8) can be perturbed and linearized to get the
transfer function in DCM as shown in (8-9) and (8-10), where V;, =V, — V. and V, =V, —

Vac.

/ 2LacVaclacVs
ldc(s) | T, (VlDl dem T VZDZ dcm)
dl dcm(s) Vdc(Dl dcmvl + 2Dl—dcmDZ—dcmvlvz + Dz—dcmV1V2)
\ (VlDl—dcm + VZDZ—dcm)2
ZdeVdc )
Ts(lel—dcm + V2D2—dcm)

Vi +

N~

(8-9)

/(des +
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iac(s) _

dz—acm (s) B
2deVchch2 +
Ts (VlDl—dcm + VZDZ—dcm)2 | (8-10)
Vdc(Dzz—dcmVZ2 + 2D1_aemDa—aemVhiVo + 2D12—dcmV12 - Dlz—dcmVIVZ)/

V, +

(VlDl—dcm + VZDZ—dcm)2

/-_\

2deVdc )

/(L s+
9 T (ViDy—gem + VaDagem)

Comparing (8-9) with (8-5), it can be seen that the pole in the transfer function changes
from zero in CCM to a non-zero value in DCM. The Bode diagrams of the inductor current to
duty cycle are shown in Fig. 8-14 and Fig. 8-15. The gain decreases much under low frequency

in DCM and the CCM control may become instable in DCM.

120 FTTTT T 120 AT
. [T | ts IR
100 L /uw)tz-nle 1007 S wt=0
~ | = Sl
chl o [ Tac/da ch R /d2
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2 60 wt Oi ,....\ : 60 Wt=-11/6 S
"g 40 | wt=-11/6 hin 5 40 - i
< 20 0 S v 1 e LR AR g 20 wt=0 IS s
0 - TR o ; S
pol LU0 il R e felarsp | I [T
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Frequency (rad/sec) Frequency (rad/sec)
Fig. 8-14. Bode diagram of igc/d1-ccm Fig. 8-15. Bode diagram of igc/dz-ccm
and ige/d1-gem. and ige/do-gem.

8.4 Feed-Forward Compensation in DCM

8.4.1 Conventional Digital Controller

In three-phase CSRs, the controller is usually designed in dg rotating coordinate system
where the converter model is time-invariant [131]. Usually the digital controller includes two

control loops as shown in Fig. 8-16 [99]. In the outer dc voltage control loop, the voltage on the
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output dc capacitor is fed back to the compensator to generate the dc current reference for the
inner current control loop. In the current control loop, the current in the dc-link inductor is fed
back to the current compensator to generate D, the duty cycle on the d axis. Then the space
vectors are synthesized and the duty ratios d; and d, are calculated for modulator to generate

PWM signal for each switch.

Vs LS AC Cd0.+
(%) ~YN <

* Vdc
rlc:s DC | iw I
Vabe I <+
YYYYY! y
PLL Modulator dc_ref
dl,d2|" \%
L6 _
Dy ret | *miness | D LE! — —1Pl
c_re

Fig. 8-16. Conventional digital controller.

When modeling the buck rectifier in dg coordinates, it is always assumed that the dc-link
current is constant with negligible ripple. When Ai,. is comparable with I;., the input current
will have large distortion if the conventional controller continues to generate duty cycles based
on CCM model. Moreover, the gain of the transfer function decreases much as shown in Section
8.3 when the converter enters DCM. The performance of the conventional controller will get

worse or even unstable in DCM.

8.4.2 Feed-Forward Compensation Method for DCM

In DCM, the impact of the current ripple cannot be neglected. The steady-state DCM duty

cycles d;_40m and d,_4.mCan be calculated by (8-11) for SS-111 in Sector 12.
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d | | 2de
_ = |i - : -V
1-dcm b1 Is(llbll(vab - [’dc) f |lc1|(vac dc))

(8-11)

p | | Zde
_ =i - : -V
2—dcm cl Ts(llbll(vab — Vdc) + |lc1|(vac dc))

It can be seen that the duty cycle depends on the input voltage and current, the dc voltage,

the switching period and the dc-link inductance, more complex than the formulas in CCM in (8-
3). As shown in Fig. 8-17, the duty cycles have much difference between DCM and CCM. The
output power varies and the converter parameters are listed in Table 8-2 for the calculation.
When the output power is lower than 480 W in Fig. 8-17(a), d;_gcm + d2—gem 1S always smaller
than d,_.cm + da—cem- The de-link current is totally discontinuous in the case. The buck rectifier

operates in DCM.

When the output power is between 480 W and 618 W, di_gem + d2_gqem have two
intersections with dq_cem + do—cem » @S shown in Fig. 8-17(b). The dc-link current is
discontinuous when d;_gem + do—dem < A1—cem + da—cem- The buck rectifier operates in both
CCM and DCM. When the output power is higher than 618 W in Fig. 8-17(C), d1_gem + d2—dem
is always larger than d;_.cm + d2_cem - The dc-link current is totally continuous. The buck
rectifier operates in CCM. So the relationship between dy_gcm + da—gem @A di_cem + do_cem

can be used to judge CCM and DCM.
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Fig. 8-17. Duty cycle comparison for SS-I11 in DCM and CCM: (a) P =480 W; (b) P =500 W;
(C) P = 618 W.

In DCM, the duty cycles need to be compensated and a digitalized feed-forward

compensation method is proposed in Fig. 8-18. It can be integrated to the conventional controller.

Ve ref lac ref di,d,
::I>—> Space vector
. synthesis
o Ve _lae T T L——1
| |
= — |
: Adl - dl—dcm d1—ccm |
| — _ |
I Adz - d2—dcm d2—ccm |
| |
| Vdc Idc_ref :
|
| ¢ ¢ Vabe Yes :
| 5 ( )
I 2Vdc I dc_ref labc_ref dl—ccm + d2—ccm :
| 2 -
I i ?

: 3\/m ac_gam de ref =™ > (dl—dcm + d2—dcm ) : :

Feedforward Compensation

Fig. 8-18. Proposed feed-forward compensation.
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As shown in Fig. 8-18, the offset Ad, and Ad, will be added to the conventional controller

output to compensate the duty cycle error in DCM when dy_gem + da—dem < A1—cem + Aa—cem-

In CCM, the compensator is not active.

()

Fig. 8-20. Simulation with proposed compensation: (a) 400 W; (b) 550 W.

(b)

Table 8-3. Input current THD in simulation

Input current THD
Output power
Without compensation | With compensation
400 W 7.6 % 4.1 %
550 W 6.8 % 4.2 %
1000 W 3.6 % 35%
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When applying the traditional control algorithm in DCM, the output voltage has low-order
ripple and the input current has large distortion as shown in Fig. 8-19(a) and (b). With proposed
feed-forward compensation, the output voltage ripple and input current distortion are both
reduced obviously in Fig. 8-20(a) and (b). The feed-forward compensation does not affect the
controller in CCM. The input current total harmonic distortion (THD) is listed in Table 8-3. With

the proposed feed-forward compensation, the input current THD can be reduced much.

8.5 Experimental Results

To verify the DCM control with experiments, a 7.5kW all-SiC three-phase CSR has been
built as shown in Fig. 8-21 [86]. The parameters of the converter are listed in Table 8-2. The

experiment waveforms at full load are measured and shown in Fig. 8-22.

g ¥

V,.(100V/div)

DSP board

Interface board |||}

ias(5A/diV) _
N\ igo(5A/div)/

Nge(100V/div)

Time(4ms/div)

7!4 o
CRLI

Gate driver board

' MEXTINE - T

Eo |
seay J 160k potmes

Fig. 8-21. 7.5 kW all-SiC three-phase buck Fig. 8-22. Experiment waveforms at full load.
rectifier.
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Fig. 8-23. Experiment waveforms at 500 W with 1.7 mH dc-link inductor: (a) Without compensation;
(b) With compensation.
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Fig. 8-24. Experiment waveforms at 2000 W with 1.7 mH dc-link inductor: (a) Without
compensation; (b) With compensation.
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Fig. 8-25. Experiment waveforms at 1000 W with 0.85 mH dc-link inductor: (a) Without
compensation; (b) With compensation.
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The waveforms are shown in Fig. 8-23 under 500 W output power with 1.7 mH dc-link
inductor. The dc-link current is completely discontinuous in this case. With the proposed
compensation method, the input current distortion can be reduced in the waveforms in Fig. 8-
23(b) compared with the one in Fig. 8-23(a). When operating in CCM as shown in Fig. 8-24, the

proposed compensation method is not active and will not affect the conventional controller.

In Fig. 8-25, the dc-link inductance is reduced by half (0.85 mH). It is obvious that the
current ripple will be doubled and the converter enters the DCM when the output power is as
high as 1000 W. With the proposed compensation method, the input current distortion can be

reduced in the waveforms in Fig. 8-25(b) compared with the one in Fig. 8-25(a).

The input current THD is listed in Table 8-4 under different operating conditions. It is
shown that the input current THD is decreased with the proposed compensation method when the

converter operates in DCM.

Table 8-4. Input current THD in experiments

Input current THD
Output power Dc-link inductance
Without compensation | With compensation
1000 W 8.5% 5.8 %
0.85 mH
1143 W 9.1% 8.8%
500 W 7.6 % 5.8 %
615 W 8.4% 8.3%
1.7 mH
2000 W 3.3% 3.3%
7500 W 2.9 % 2.9%
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8.6 Conclusion

The three-phase CSR was modeled in DCM and a modulation and control method were
proposed for this operating mode. The dc-link current ripple was analyzed first to identify the
boundary between CCM and DCM. Then the small-signal models were derived for the buck
rectifier in DCM. Compared with the CCM model, the gain of the transfer function was shown to
change significantly in DCM, detrimentally affecting the control performance. To account for
this, a DCM modulation scheme was proposed keeping the current continuous during the active
space vectors. Lastly, a digital feed-forward compensation method was proposed to compensate
the duty cycle error in DCM. It was shown that with the proposed DCM control method, both the

output voltage ripple and the input current THD can be largely reduced.
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9 Overvoltage Protection Scheme for SiC Devices

In this chapter, a novel overvoltage protection scheme is proposed in Fig. 9-1(a) for current

source converters built with SiC MOSFETS. In the protection circuit, the diode bridge is used to

detect the overvoltage on the devices, and the high-power TVS diodes are applied to clamp the

overvoltage within 50 ns. The energy in the dc-link inductor can be dissipated in the TVS diodes

when the energy is low. A capacitor in series with a thyristor can also be added to absorb large

energy in Fig. 9-1(b). Moreover, the proposed protection scheme will not affect the switching

performance of SiC MOSFETSs in normal operation. Its effectiveness has been verified by

experiments in both pulse test and converter test.
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Fig. 9-1. Proposed overvoltage protection scheme (a) without thyristor and (b) with thyristor.
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9.1 Overvoltage in Current Source Converter

The current source rectifier is taken as an example to explain the fault and protection
scheme. The overvoltage on the devices may come from two sources. In the switching process of
the devices, there will be voltage overshoot caused by the resonance between the parasitic
inductance and junction capacitance of the device in the commutation loop. The overvoltage in
this case does not last a long time since the energy in the parasitics is very small and will be

damped quickly. It can be reduced with better layout design.

The most serious overvoltage appears on the devices when the current is interrupted in the
dc-link inductor. As the energy storage component, the dc-link inductor is designed to have large
inductance to limit the dc-link current ripple. The device can not handle the energy stored in the
dc-link inductor and will fail when it is above its bearable avalanche energy. When the
freewheeling diode Df is not added in the rectifier, one of the upper three switches and one of the
lower three switches must be ON to provide a current path. The freewheeling diode Df is usually
added in some non-regenerative applications to reduce the conduction loss. It can also perform as

a protection scheme for dc-link current interruption when the switches are driven falsely.

The equivalent circuit during current interruption can be drawn in Fig. 9-2. C;,4. is the
equivalent parallel capacitance of the dc-link inductorL,.. C,s IS the equivalent output
capacitance of the upper three switches S1, S3 and S5. The ac capacitor C; in the input filter and
the dc capacitor C,4. can be assumed to be short in the transient since they are much larger than
C,ss and Cp4.. The switch Sy 35 is turned off and causes current interruption. The peak voltage
spike on the semiconductor device can be given by (9-1), which is proportional to the device

switching speed and the dc-link inductance.
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dig,
Vs = ded_cz_ (9-1)

In the worst case, the switch S; 35 is turned off instantly. All the dc-link current will charge

C,ss and Cp 4. and cause the device voltage to increase at a fast rate given by

dvs _ idC
dt (Coss + Cde)
For a 7.5 kW current source rectifier in [86], Ly = 1.9 mH, Cp 4. = 38 pF, Cyss = 441 pF

(9-2)

and iy, = 18.75 A under full load. The voltage will increase from 0 V to 1200 V on the switch in
less than 31 ns. To protect the device, the protection circuit needs to respond within tens of
nanoseconds. It is not enough to just parallel a voltage clamping circuit with the dc-link inductor.
The device voltage may be higher than the voltage on the dc-link inductor considering various

input and output voltages [132].

Cud
S1,3,5 wmc
+ VS + C - de +
Vin ==C 088 . CycT Vdc
- S IdC -
*—@
S2,4,6

Fig. 9-2. Equivalent circuit for dc-link current interruption.
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(b)
Fig. 9-3. Overvoltage caused by grounding fault on the dc side: (a) S1 is ON; (b) S1 is OFF.

In practice, the dc-link inductor is usually split into two parts placed on both positive and
negative buses. In this way, it can help to reduce the common-mode noise or circulating current
in the converters [44][133]. The current in the positive bus i;.; may not equal to i;., in the
negative bus in some grounding faults. One of the cases is shown in Fig. 9-3(a), where the
positive dc bus is grounded by accident. Other than the output load current i;,,,, there is a
grounding current i, formed in the ground loop. igq.;Will be larger than i, in this case. When
S1 is turned off as shown in Fig. 9-3(b), the load current can freewheel through Df. But the

grounding current is interrupted, which will still cause overvoltage on S1.

The equivalent circuit is shown in Fig. 9-4, where C,,, is the grounding capacitance on the

ac side. The voltage spike on S1 can be given by del%and the voltage increases at a rate
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. i 2
#. The total energy caused by the grounding current can be written by L;.4 l;g which
0ss Ldc1

can be overwhelming for the device.

de2
Fig. 9-4. Equivalent circuit for ground current interruption.

9.2 Proposed Overvoltage Protection Scheme

9.2.1 Operation Principle

The proposed overvoltage protection scheme is shown in Fig. 9-1(a). The diode bridge is
connected to the three input nodes (a, b and ¢) and two output nodes (p and n) to detect the
maximum voltage on the six switches. The ten diodes in the bridge carry only some leakage
current during normal operation. While under overvoltage fault, they will conduct the full dc-link
current. Therefore, these diodes do not need large average current rating but enough repetitive

peak forward current rating to handle the fault current.

After detecting overvoltage, the protection circuit needs to clamp it in nanoseconds to
prevent device failure [134]. The clamping circuit should have very fast response time and steep

breakdown V-I curve [135][136].
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The transient-voltage-suppression (TVS) diodes are suitable for such a fast transient
because they can switch on within 50 ps and have sharp breakdown curve and low clamping
factor [136]. Moreover, they have long expected life and short-circuit failure mode. The
clamping voltage of TVS diodes is usually lower than 400 V. Various TVS diodes with different
power and voltage ratings are available on the market [137]. The reverse stand-off voltage of the
TVS diode should be higher than the converter operation voltage, so that it will not affect the
normal operation of the converter. Its maximum clamping voltage should be smaller than the
rated voltage of the device to be protected. Moreover, its maximum peak pulse current should be
higher than the current in the dc-link inductor. For the converter in Table 9-1 with 1200 V SiC
MOSFETS, the normal operation voltage is 680 V and the device rating is 1200 V. Three 30 kW

TVS diodes 30KPA300A are connected in series to clamp the overvoltage around 1100 V [137].

Table 9-1. Three-phase current source rectifier parameters

Power Rating 7.5 kW
Input Voltage Rating | Three-phase line-to-line 480 Vg rms
Input Inductor 110 pH each phase
Input Capacitor 6 | each phase
Output Voltage Rating 400 V¢
Output Inductor 1.9 mH
Output Capacitor 150 F
Switching Frequency 28 kHz
Efficiency 98.5 %
Power Factor >99 %
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As shown in Fig. 9-1(a), T1, T2 and T3 are three high-power TVS diodes connected in series
to clamp the device overvoltage. T, is a low-power TVS diode to form and send the fault signal
to the controller through an optocoupler. The converter will be shut down afterwards to prevent
repetitive faults. The resistors R,, R,, R; and R, are paralleled with the TVS diodes for proper
voltage distribution in steady state. R; is a small resistor connected in the clamping circuit to
damp the possible resonance. C; is used as filter capacitor and R can limit the input current to
the optocoupler. The components used in the protection circuit are listed in Table 9-2 for a 7.5

kW current source rectifier.

Table 9-2. Components of protection circuit

Diode Bridge | STTH512, 1200 V/5 A Ultrafast recovery diode
Ty, Toand Ts 30KPA300A, 300 V/30 kW TVS diodes

T4 LCE15A, 15 V/1.5 kW TVS diode
R;, R, and R3 1 MQ surface mount resistor

R4 150 Q surface mount resistor

Rs 10 kQ surface mount resistor

R4 2 Q/2 W through hole resistor

Ci 0.1 pF/50 V surface mount capacitor
Optocoupler | HCPL-0611, 15 kV/ps common mode immunity

In the clamping state, the TVS diodes will take on breakdown voltage and large fault
current at the same time. Its power rating should be carefully selected for different applications.

When the converter output power is high, a thyristor can be added in the protection circuit to
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handle the large power, as shown in Fig. 9-1(b). It takes advantage of the traditional crowbar
structure, where a thyristor is used to dissipate the inductor energy [136]. After clamping
overvoltage with TVS diodes, the thyristor is turned on to take the inductor current. Because of
its low conduction voltage drop, its power dissipation is much lower than the TVS diodes. But in
a traditional crowbar circuit, the thyristor will keep conducting and can not restore until its

current is below the holding current. It will cause high transient current in this process.

To deal with this problem, a capacitor C, is connected in series with the thyristor SCR1 to
absorb the inductor energy. SCR1 will be turned off automatically after C, is fully charged with
the dc-link inductor energy. The resistor R is paralleled with C, to dissipate its stored energy
afterwards. The TVS diodes in Fig. 9-1(b) do not need high power rating since most power is

absorbed on the capacitor C,.

The proposed protection scheme in Fig. 9-1 does not include any active control circuit, so it

can protect the devices even when the auxiliary power is down in the converter.

9.2.2 Simulation

The proposed protection scheme is modeled and analyzed in the simulation with Saber. The
simplified simulation circuit is shown in Fig. 9-5, where L,, is the parasitic inductance, C, is the
parasitic capacitance and R is the damping resistor. In the simulation, S1 is turned on to charge

the current i;. to a given level. Then it is turned off to create an overvoltage in the circuit.
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S1 gate signal

1 «

\
Vdc

Fig. 9-5. Simulation circuit without thyristor.

Due to the parasitic inductance and capacitance, resonance is caused in the clamping circuit.
As shown in Fig. 9-6(a) and (b), the voltage vg; on S1 has much more resonance compared with

the voltage v, onthe TVS diodes. As L,, gets larger, it becomes even worse in Fig. 9-6(b).

0 05 1 15 2 2.5 3
Time (us)

0 05 1 15 2 25 3
Time (us)

(b)
Fig. 9-6. Simulation results with different L,,: (a) 200 nH; (b) 1000 nH.
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With different C,,, the simulation waveforms are compared in Fig. 9-7. The resonance

becomes worse with larger C,,.
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(b)
Fig. 9-7. Simulation results with different C,,: (a) 100 pF;(b) 500 pF.

With different Ry, the simulation waveforms are compared in Fig. 9-8. The resonance can

be damped quickly with larger R,;. But larger R; will cause more voltage drop on it, which will

impact the clamping voltage.
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Fig. 9-8. Simulation results with different R;: (a) 2 Q; (b) 10 Q.

To reduce the resonance, the layout of the protection circuit should be well designed. It
should be placed close to the devices under protection to reduce the trace length. Smaller
package is preferred for the components in the protection circuit. Several TVS diodes are
connected in series to reduce the parasitic capacitance. A small damping resistor R; can be

added to damp the resonance.

With the thyristor, the simplified protection circuit is shown in Fig. 9-9. When overvoltage
fault occurs, the TVS diodes will clamp the voltage and turn on SCR1. Then the dc-link current
is transferred to SCR1 and charges C,. When i, drops below the holding current, SCR1 is

naturally turned off. The energy stored in C, is discharged through R,.

Two rules should be met when selecting proper C, and R for this circuit. First, the voltage

on C, should be less than the clamping voltage of the TVS diodes. Otherwise the fault current
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may go through the TVS diodes rather than the thyristor. Second, the current i,., should have a

zero-cross point so that the thyristor can be naturally turned off.

S1 gate signal

1 ¢

Fig. 9-9. Simulation circuit with thyristor.

After SCR1 is turned on, the protection circuit can be simplified to a typical L-C-R resonant

circuit shown in Fig. 9-10.

Rs
[=
- + ¢—
V .
c2 Iscr
O A AL
Vdc LdC

Fig. 9-10. Simplified circuit for the protection circuit with thyristor.

The differential equations and initial conditions can be given by (9-3). The equations for

iscr and v, can be derived in (9-4).
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< Vez = Vae — Lac dt (9-3)

iscr(o) = Iy
\ vc2(0) =0

With the analytical equations, the waveforms of i, and v, can be drawn with different C,
and Rg. As shown in Fig. 9-11 when V. =680V, Ly = 1.9 mH, I;. = 20 Aand C, = 10 uF,

the resistor R is selected to be 35 Q to meet both design rules in this case.

( Ve = ae*1t + be*2t + V.
; a x4t b Xt Vdc
lser = asz1+R— et + bC2x2+R— ex2 +R—
6 6 6
2 2
o lact V13, — 4L4.C,R2
1=
2R¢L4.C,
2 2 9-4
\ X = —Lgc — \/de — 4L CoRg (9-4)
5 =
2RgL4cC
_ Idc + VchZxZ
Co(x — x7)
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Fig. 9-11. Analysis with different R,.

The simulation results with the thyristor are shown in Fig. 9-12(a) and (b). The protection

circuit works well to clamp the overvoltage and dissipate the inductor energy.
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Fig. 9-12. Simulation results with thyristor: (a) Overview; (b) Enlarged.

9.3 Experimental Verification

The performance of the proposed protection scheme is experimentally tested in both pulse
test and converter test. In the pulse test, the function of the protection is verified and some layout
issues related with the protection performance are studied. Then, it is examined in a 7.5 kW

current source rectifier built with SiC MOSFETSs.

9.3.1 Pulse Test

The simplified overvoltage protection is tested in the pulse test circuit in Fig. 9-13. The
circuit includes a double pulse tester, which has two switches S1 and S2 commutating with each

other [138]. The protection circuit is connected to the circuits on the nodes a, b and p. The Si
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IGBT M1 with desaturation protection is connected in series with S1 as a circuit breaker to

prevent overcurrent.

- ! p . Lac - Double pulse test
S1 S2 Iclamp lde gate signals
Vsi_| = y.v.v. 3 H S1 _l:l_l:l_>
. 1  —
+|SlT'-| b $ S2 4t>

a ) 3 Protection test
ate signals
Ml‘l C Y. V.. e L | Fault g 9
)
s2 t
Vdc

Fig. 9-13. Pulse test circuit for proposed protection.
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Fig. 9-14. Impact of the protection circuit to SiC MOSFETS.

First, the impact of the added protection circuit to the switching performance of the SiC
MOSFETSs is evaluated. The double pulse test is used to capture the switching waveforms on S1
with and without the protection circuit. The experiment is carried out when V;. = 680V,
izc = 17 A and the gate signals of two switches are shown in Fig. 9-13. As shown in Fig. 9-14,
the turn-on and turn-off waveforms have a little larger resonance with the protection circuit. But

they are very close in most parts. So the proposed protection scheme will not affect much the

switching performance of SiC MOSFETS.
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To test the overvoltage protection, S1 is gated with one pulse while S2 is kept off as shown
in Fig. 9-13. The inductor current can be built up to the required level. When S1 is turned off, an
overvoltage occurs on it. The typical waveform is shown in Fig. 9-15 when V,;. =300V,
ige = 19 A. When S1 is turned off at ¢,, the voltage is clamped at around 1130 V for 36 |5 and
the inductor energy is dissipated on the TVS diodes in the protection circuit. The enlarged
waveforms at t; is shown in Fig. 9-16, where vy, reaches the clamping voltage within 50 ns. The
protection circuit works well to protect the SiC MOSFETSs in the pulse test. There is some
resonance in the voltage waveform in Fig. 9-16, which is caused by the parasitics in the clamping
circuit. The trace length in the protection circuit should be minimized in the layout. Otherwise,

the resonance will get even worse, as shown in Fig. 9-17 and Fig. 9-18.

| (.
. i
TRV RVATRY
‘ ‘\\\ Wy VYV
S1 gate, 10VIdiv — | e
t1 8us/div t2

Fig. 9-15. Overvoltage protection waveforms in pulse test.
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Fig. 9-16. Enlarged waveforms at ¢, in pulse test.
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Fig. 9-17. Overvoltage protection waveforms with bad layout.
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Fig. 9-18. Enlarged waveforms at t; with bad layout.

9.3.2 Converter Test

The proposed protection scheme is further tested in a 7.5 kW current source rectifier built
with SiC MOSFETSs [86]. The parameters of the rectifier and protection circuit are listed in Table
9-1 and Table 9-2 respectively. The photo of the converter prototype is shown in Fig. 9-19 and
the proposed protection circuit has a small area on the PCB board as shown in Fig. 9-20. It is
placed very close to the SiC MOSFETSs so that the parasitic inductance in the clamping circuit

will be well minimized. The waveforms are shown in Fig. 9-21 when the converter is operating

at full load.
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Fig. 9-21. Experimental waveforms of converter at full load.

To create an overvoltage fault in the converter, the freewheeling diode Df is removed from

the rectifier. The converter is operating normally at full load, and then the upper three switches

are turned off simultaneously to interrupt the dc-link current and generate overvoltage on the
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devices. The experimental waveforms are shown in Fig. 9-22 and the enlarged waveforms at ¢;
are shown in Fig. 9-23. S1 is turned off at ¢; and the dc-link inductor current is interrupted. The
protection circuit can clamp the device voltage at 1170 V and dissipate the inductor energy

safely.
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Fig. 9-22. Overvoltage protection waveforms in converter test.
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Fig. 9-23. Enlarged waveforms at t, in converter test.

218



9.4 Conclusion

In this chapter, a novel overvoltage protection scheme is proposed for the three-phase
current source rectifier built with SiC MOSFETs. The diode bridge is used to detect the
overvoltage on the devices. Then the TVS diodes can clamp it and send the error signal to the
controller. A thyristor in series with a capacitor can further increase the power capacity of the
protection circuit. It is verified in both pulse test and converter test that the proposed protection
can clamp the overvoltage within 50 ns and protect the devices effectively. The proposed
protection scheme can also be applied to the matrix converter and other types of converters to

protect the devices from overvoltage caused by inductor current interruption.
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10 Control under Input Voltage Disturbance and Harmonics

In this chapter, the control algorithm will be proposed for current source rectifier to deal

with harmonics and voltage sag in the input ac voltage.

10.1 Nonideality in Ac Input Voltage

The three-phase ac voltages of CSR are not always ideally symmetric and sinusoidal. They
usually include harmonics and voltage sag/swell, which will exacerbate the performance of the

converter.

For various applications, the industry has come up with some standards for the converter to
comply with. The International Electrotechnical Commission (IEC) has adopted the IEC 61000-
3-2 harmonics standard to limit the harmonics of equipment [139]. The Institute of Electrical and
Electronics Engineers (IEEE) has released the IEEE 519-2014 for harmonic control in electric

power systems [140].

In Information Technology (IT) industry, the equipment is required to operate normally for
certain amount of time under voltage sag/swell. The ITIC curve is shown in Fig. 10-1, where the
equipment should operate without interruption within the blue area [141]. Some companies like
IBM have their own internal standards on power line disturbance [142]. IEC releases the
standard IEC 61000-4-34 to define the voltage dip test levels, including the phase-to-neutral dip

and the phase-to-phase dip [143].

In the test of CSR, the input grid voltage is found to contain some harmonics, as shown in
Fig. 10-2 [144]. There is 5", 7" 11" and 13™ harmonics in the grid voltage, leading to 3.3%

voltage THD. Due to these harmonics, the input current of CSR is distorted, as shown in [144].
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Fig. 10-3. Input current waveform of CSR with distortion [144].
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10.2 Traditional Control Algorithm

10.2.1 Modeling of CSR

With the method proposed in [145], the average model of three-phase CSR is shown in Fig.
10-4 in abc coordinates, including three ac circuits and a dc circuit. The model can be expressed

by (10-1), where d,, d;, and d,. are the duty cycles of phase a, phase b and phase c respectively.

ias] [dv,/dt] Tig
ibs = CS dvb/dt + ib
ics- _dvc/dt_ -ic
Vas]| _dias/dt- [Va
[vbs = L, |dips/dt| + Vb]
Vs | _dics/dt_ | Ve (10-1)
dvdc

dava  dpvp  deve

+ 7 - + 7 - +

" ]
. ) . V C .
Ib i i dc dc Tld
Vs S W idblL L Lac —P ¢

Fig. 10-4. Average model of three-phase CSR in abc coordinates.
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Based on the coordinate transformation in (10-2), the average model of CSR in abc
coordinates can be transformed into the one in dqO coordinates, as shown in (10-3) and Fig. 10-5.

The 0 channel is omitted in the modeling since its current is always zero.

i 2m 21\ 1
cos(wt —8)  cos (wt -0 - ?) cos (a)t -0+ ?)
2 21 21
Taqo/abe = \/; —sin(wt —0) —sin (a)t -0 - ?> —sin (a)t -0+ ?) (10-2)
1 1 1
V2 V2 V2
ldS dvd/dt _vq i dd
[ ] dvq/dt] WG|+ dq]
vdS _ qu dlds/dt vd
‘qu] L [ ] * LS [diqs/dt] * [Uq]
10-3
dvdc ( )
l ldC + CdC dt
dij
Viac = ddvd + dqvq - deﬁ
stiqs L
ACAREAAG S
ids + I
VgsC Vd ==Cq T dqi
d I wCsVq ie " dava  dqvq

+

o |

Fig. 10-5. Average model of three-phase CSR in dg coordinates.
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After the perturbation and linearization using Taylor expansion, the small signal model and
the quiescent operation point are given by (10-4) and (10-5) respectively, where X is the

disturbance of the variable x near its quiescent operation point X.

[Eds] =C [dﬁd/dt] wCs [—vq + 1 [ddl + 1 Dd]

isl = O |do, /dt
el = o[ e el + 5
Dys digs/dt) T |9, 104
a a dvdc
i, = lgc + Cqc dt
~ ~ ~ 4 4 diy
Vac = ded + quq + ddVd + dq de dt
Ids
el=oe ]+ o
ds “gs d
= ot ][]
[Vqs] L gs Vq (10-5)

I, = Iy

VdC = DdVd + DqVq

Table 10-1. Three-phase current source rectifier parameters

Power Rating 7.5 kW
Input Voltage Rating | Three-phase line-to-line 480 Vg rms
Input Inductor 110 pH each phase
Input Capacitor 10 pF each phase
Output Voltage Rating 400 V¢
Output Inductor 1.9 mH
Output Capacitor 150 F
Switching Frequency 28 kHz
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With the small-signal model, the transfer function can be derived for CSR which is
complicated due to the second-order filters on both ac and dc sides. With the SISO tool in
Matlab/Simulink, the bode plot of the transfer function i,./d, is shown in Fig. 10-6, where 1.5
switching period delay is added considering the delay in the controller and modulator. The

parameters of CSR are listed in Table 10-1.
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Fig. 10-6. Bode plots of transfer function i,./d,.

10.2.2 Performance under Normal Input Ac Voltage

In three-phase CSRs, the controller is usually designed in dg rotating coordinate system
where the converter model is time-invariant [131]. Usually the digital controller includes two
control loops as shown in Fig. 10-7. In the outer dc voltage control loop, the voltage on the
output dc capacitor is fed back to the compensator to generate the dc current reference for the
inner current control loop. In the current control loop, the current in the dc-link inductor is fed
back to the current compensator to generate D, the duty cycle on the d axis. Then the space

vectors are synthesized and the duty ratios d, and d, are calculated for modulator to generate

PWM signal for each switch.
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Fig. 10-7. Traditional control algorithm.

Proportional-integral controller (PI) is applied as the compensator in dc current control loop,

as given by (10-6).

Kiige
Hidc = kp_idc + S (10'6)
When kp, ;,, = 0.0116 and k; ;, = 14.298, the bode plots of the loop gain in the dc current

control loop can be drawn in Fig. 10-8. The phase margin is 61.2 degrees under 609 Hz, and the

gain margin is 20.5 dB under 4.3 kHz.
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Fig. 10-8. Bode plots of transfer function i,./d, with current compensator.

226



The bode plots of the transfer function ¥,./14. are drawn in Fig. 10-9.
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Fig. 10-9. Bode plots of transfer function ©,./1,..

The dc voltage control loop should be much slower than the dc current control loop. PI

controller is applied as the compensator in dc voltage control loop, as given by (10-7).

k

+ (10-7)

H
P Vdc S

=k

Vdc ~
When k, ,, = 7.67 X 1073 and ki, = 7.67, the bode plots of the loop gain in the dc
voltage control loop can be drawn in. The phase margin is 60 degrees under 20 Hz, and the gain

margin is 43.3 dB under 863 Hz.

50, 0 —

—No Comp. T~ —No Comp.
. T~ .
—_ — | —With Comp. T —With Comp.
8 \~.___ \__\\ E - 100 /‘\\
T 0 - ™~ o N
% \\‘\ \ il \%h
T~— N . s
2 — \\ <-200 S
c \\\. \"\ 3 \\
=) . N
g -50 < \
= Y & -300 -
N \
N \
-100 -400
10° 10" 10° 10’ 10* 10° 10" ¥ 0° 10*
Frequency (Hz) Frequency (Hz)

Fig. 10-10. Bode plots of transfer function ¥,./1,. with voltage compensator.
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There is no feedback control of the input currents. The input current is decided by the dc-
link current and the duty cycle. The traditional controller works well under normal operation
when the three-phase input voltages are symmetric and sinusoidal, as shown in Fig. 10-11. The

input current Total Harmonic Distortion (THD) is 5%.
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Fig. 10-11. Simulation waveforms with traditional controller under normal conditions.

228



At the step change of the load current, the waveforms are shown in Fig. 10-12.

“bos 0.1 012 o014 016 o.18
time (s)

Fig. 10-12. Simulation waveforms with traditional controller under step change.

10.2.3 Performance under Ac Voltage Sag

It should be mentioned that the maximum amplitude of line-to-line voltage should be

always larger than dc output voltage for step-down operation of CSR, which is given by (10-8).

max([vg, (O, vy (O], [vea (O1) > Vye (10-8)

When the ac voltage sag occurs, the three voltages are not symmetric. In this case, the
traditional controller may not work consistently well. There are mainly three types of voltage
sags defined in IEC 61000-4-34 [143], as shown in Fig. 10-13. Fig. 10-13(a) is the line-to-neutral

voltage sag. Fig. 10-13(b) and Fig. 10-13(c) are two types of line-to-line voltage sags.
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Fig. 10-13. Three types of ac voltage sag: (a) Type A; (b) Type B; (c) Type C.

Type A voltage sag is simulated in CSR with traditional control algorithm. The waveforms
under Type A voltage sag are shown in Fig. 10-14. During the voltage sag, the input current

THD increases from 5% to 6%.
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Fig. 10-14. Simulation waveforms with traditional controller under Type A voltage sag.

There is large second-order ripple in the dc voltage and current. It is caused by the negative

sequence components in the input ac voltages [146][147][148]. The Pl compensator in traditional
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control can not track the reference well when there is second-order ripple, unless it has much

higher cross-over bandwidth. The second-order ripple can not be attenuated much on the dc side.

10.2.4 Performance under Ac Voltage with Harmonics

With 5% 5™ order harmonics in the three-phase ac voltages, the simulation waveforms with
traditional controller are shown in Fig. 10-15. The THD of the input current increases from 5%

to 13%. There is 6™ order ripple in the dc voltage and dc-link current.
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Fig. 10-15. Simulation waveforms with traditional controller under 5" order harmonics.

The 5% 5th order harmonics can be given by (10-9), which are negative sequence
components. In dq rotating coordinates of the fundamental frequency, the 5™ order harmonics in

(10-9) turn to be 6" order ripple in both d axis and q axis.

( Vasstn = 5% - Vcos(Swt)

21
Vps sen = 5% * Vcos (Swt + ?> (10-9)

| 21
kvcs seh = 5% -V, cos (Swt - ?>
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There is no ac current compensator in traditional control algorithm to attenuate the

harmonics.

10.3 Proposed Control Algorithm

To deal with the harmonics and the ac voltage sag, a new control algorithm is proposed, as
shown in Fig. 10-16. In this control algorithm, the three-phase ac currents i, i,s and i, are fed
back and transformed into iy and i,s in dq0 coordinates. Two ac current compensators, iy
compensator and i,; compensator, are added in the controller. Moreover, the proportional-
resonant (PR) compensator is added to increase the gain and enhance the tracking performance

near certain frequencies [149].

Vdc ref + Idc ref + Ids ref + Dd
——?7 Pl —— Pl —+—O PI -
Ve idc ids
PR PR
Va VpV, i los ref D
5 e e — PI -
ias ibs ics dqg iqs iqs
PR

Fig. 10-16. Proposed control algorithm.

The main function of the i, and i, compensators is to attenuate the harmonics and track
the reference currents Iys o and Igs op Well. Iy o is generated by the dc-link current
compensator and I, ., = 0. As discussed in 10.2.4, the 5™ order negative-sequence harmonic

ac current appears to be 6™ order ripple in i, and I4s- The compensator needs large gain near 6"
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order frequency (360 Hz), which can be provided by a PR compensator as shown in Fig. 10-17.
The transfer function of PR compensator is given by (10-10), where w,. is the bandwidth (5 - 15
rad/s), wy, is the resonant frequency, k.. is the proportional coefficient [149]. In order to have a
high gain around 6™ order frequency, w is selected to be 2w x 360 = 2262 rad/s. The

parameters of the i4; and i, compensators are listed in Table 10-2.
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Fig. 10-17. PR compensator in i; control loop.

Hpp

(10-10)

\
o
\ &

Table 10-2. Parameters in i4s and i s compensators

Pl compensator PR compensator
Control loop
kp k; k; W, Wp
igs 0.0135 50.0 2 10 2262
Lgs 711 x107* 50.8 2 10 2262
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The bode plots of the transfer function i,,/d, are drawn in Fig. 10-18. The phase margin is

45 degrees under 900 Hz. The gain margin is 2.4 dB under 5.27 kHz. The bode plots of the

transfer function 1,5/ &q are drawn in Fig. 10-19. The phase margin is 88 degrees under 131 Hz.

The gain margin is 17.6 dB under 4.16 kHz.
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Fig. 10-18. Bode plots of transfer function i,,/d, with compensator.
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Fig. 10-19. Bode plots of transfer function iqs/ciq with compensator.

In the dc-link current i, control loop, the PR compensator can be applied to increase the

gain at the 2" order frequency. In this way, the controller can still track the reference dc current

well in presence of 2" order ripple when the three-phase ac voltages are not balanced. The PI

compensator is utilized in dc voltage v,. control loop. The parameters in i;. and v,

compensators are listed in Table 10-3.
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Table 10-3. Parameters in i, and v,. compensators

Pl compensator PR compensator
Control loop
kp ki k; W, Wp
lgc 0.0269 128 1 10 754
Vg 0.0806 2.6 N/A N/A N/A

The bode plots of the transfer function i,./i,, are drawn in Fig. 10-20. The phase margin is

95 degrees under 11 Hz. The gain margin is 44 dB under 4.88 kHz. The bode plots of the transfer

function ¥,./1,4. are drawn in Fig. 10-21. The phase margin is 97 degrees under 16 Hz. The gain

margin is 39.6 dB under 666 Hz.
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10.3.1 Performance under Normal Input Ac Voltage

Under normal input ac voltages, the simulation waveforms of the proposed controller are

shown in Fig. 10-22. The input current Total Harmonic Distortion (THD) is 5%.
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Fig. 10-22. Simulation waveforms with proposed controller under normal conditions.

At the step change of the load current, the waveforms are shown in Fig. 10-23. Since the

bandwidth of i;. control is much lower than that in the traditional controller, the transition takes

longer in Fig. 10-23.
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Fig. 10-23. Simulation waveforms with proposed controller under step change.

10.3.2 Performance under Ac Voltage Sag

The waveforms under Type A voltage sag are shown in Fig. 10-24. During the voltage sag,
the input current THD is kept around 5%. The second-order ripple is largely reduced compared

with that in Fig. 10-14.
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Fig. 10-24. Simulation waveforms with proposed controller under Type A voltage sag.
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10.3.3 Performance under Ac Voltage with Harmonics

With 5% 5™ order harmonics in the three-phase ac voltages, the simulation waveforms with
the proposed controller are shown in Fig. 10-25. The THD of the input current is kept around 5%.
The 6™ order ripple on the dc voltage and dc-link current is largely reduced compared with that

in Fig. 10-15.

It should be noticed that the proposed controller can be generalized to different orders of ac
harmonics. The PR compensators corresponding to different harmonics can be added in the i,

and i, control loops.
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Fig. 10-25. Simulation waveforms with proposed controller under 5" order harmonics.

10.4 Conclusion

In this chapter, a control algorithm is proposed to control the three-phase CSR under
voltage disturbance and harmonics. To control CSR under harmonics, two current control loops
are added to control the ac currents. The proportional-resonant (PR) compensator is used to

improve the tracking capability of the controller under harmonics. It is verified through
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simulation that the proposed control can reduce the 2" order ripple on the dc side when ac
voltage sag occurs. Moreover, the proposed control can reduce the input current THD when the

ac input voltage contains harmonics.

In order for CSR to work under voltage sag, the maximum amplitude of line-to-line voltage
should be always larger than dc output voltage for step-down operation of CSR. If one ac phase
is lost, CSR can not support the dc bus voltage normally. In this case, a boost stage can be added

after the dc-link inductor, as proposed in [150][151].
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11 Conclusion and Future Work

11.1 Conclusion

In this dissertation, the potential benefits of the three-phase current source rectifier were

evaluated in high power rectifier, data center power supply and dc fast charger for EVs. Then

new techniques were proposed to increase the power efficiency and power density of the current

source rectifier. The conclusions can be drawn as follows.

A new current source rectifier topology, Delta-type Current Source Rectifier (DCSR),
was proposed. It has delta connection on its input side and the dc-link current can be
shared by more switches to reduce the conduction loss. The conduction states and
modulation schemes were analyzed for the new topology. The analytical equations of the
current stress were derived for the design of the DCSR. Compared with the traditional
CSR, the proposed topology was shown to have lower device current stress and
conduction loss. A 7.5 kW prototype was built to validate the performance of the
proposed topology. It has been shown experimentally that the DCSR has higher

efficiency over the traditional CSR.

The CSRs was compared with traditional topologies on efficiency and power density in
high power rectifier, power supply for data center and dc fast charger for EVs. It was
shown that the DCSR had comparable efficiency and much reduced transformer and
filter rating than the 12-pulse thyristor rectifier in high power rectifier application. In
data center power supply, CSRs were shown to have higher efficiency than the phase-

modular rectifiers. When applied in dc fast charger for EVs, CSRs were shown to have
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higher efficiency and power density than two-stage voltage source converter when more

die area was applied in the design.

Two all-SiC phase-leg modules were developed and characterized. The switching
performance in CSR was compared with the one in voltage source rectifier (VSR).
Because of higher equivalent junction capacitance of the switches in VSR, it had higher
current spike but lower voltage spike than CSR. When pushed to higher switching speed,

the CSR module was more reliable without any shoot-through problem.

An all-SiC converter module was designed and characterized for the DCSR. With
current sharing in two phase legs, the turn-on switching speed was higher and the
switching energy was lower in the DCSR than in the traditional CSR. The minor

commutation loops were in parallel to reduce the parasitic inductance in DCSR.

The different commutation types of a three-phase CSR with a freewheeling dc-bus diode
were analyzed through experiments. The lossiest transition was accordingly identified
for the different semiconductor device configurations considered. Then the switching
loss of CSR was modeled, including both the switch-switch and switch-diode
commutations, and the effect of the non-switching devices, where the latter was shown
to be negligible compared to the total switching loss. Based on the derived switching
loss equations, four modulation schemes were compared for different device
combinations, showing how space vectors could be arranged to eliminate the transitions

with the highest switching losses.

A modified pulse-based compensation method was proposed to compensate the charge

gain or loss caused by overlap time and slow transition. In addition to the traditional
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method that placed the overlap time based on the voltage polarity, the new method first
minimized the overlap time to reduce its effect and then compensated the pulse width
according to the sampled operating voltage and current. The experiments demonstrated
its advantages over traditional methods especially when the switching voltage was near

Zero.

The three-phase CSR was modeled in discontinuous current mode (DCM) and the
modulation and control methods were proposed for this operating mode. The dc-link
current ripple was analyzed first to identify the boundary between continuous current
mode (CCM) and DCM. Then the small-signal models were derived for CSR in DCM.
Compared with the CCM model, the gain of the transfer function was shown to change
significantly in DCM, detrimentally affecting the control performance. To account for
this, a DCM modulation scheme was proposed keeping the current continuous during the
active space vectors. Lastly, a digital feed-forward compensation method was proposed
to compensate the duty cycle error in DCM. It was shown that with the proposed DCM
control method, both the output voltage ripple and the input current THD could be

largely reduced.

A novel overvoltage protection scheme was proposed for the three-phase current source
rectifier built with SiC MOSFETSs. The diode bridge was used to detect the overvoltage
on the devices. Then the transient-voltage-suppression (TVS) diodes clamped it and an
error signal was sent the controller. A thyristor in series with a capacitor further
increased the power capacity of the protection circuit. It was verified in both pulse test
and converter test that the proposed protection was able to clamp the overvoltage within

50 ns and protect the devices effectively.
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e A control algorithm was proposed to control the three-phase CSR under voltage
disturbance and harmonics. To control CSR under harmonics, two current control loops
were added to control the ac currents. The proportional-resonant (PR) compensator was
used to improve the tracking capability of the controller under harmonics. It was verified
through simulation that the proposed control was able to reduce the 2™ order ripple on
the dc side when ac voltage sag occurred. Moreover, the proposed control was able to

reduce the input current THD when the ac input voltage contained harmonics.

11.2 Future Work
e Delta-type Current Source Rectifier (DCSR)

To maximize the benefit of DCSR, the dc-link current should be shared equally
between two legs. The current sharing depends on the characteristics of the

semiconductor devices, as well as the layout of the commutation circuit [152][157].

In previous research, some work has been done to balance current in paralleled
devices (IGBTs and MOSFETS) in a single switch [155]-[157]. The problem is not
totally the same in the DCSR, where two legs are in parallel to share the current.
Moreover, the location of the paralleled legs depends on the input voltages and the

modulation scheme.

For DCSR design, first the device characteristics were measured with 371B curve
tracer [158]. Then the devices with similar characteristics were selected and applied in
the prototype. Three legs in DCSR were placed close to each other in PCB layout to
reduce the parasitic inductance in the commutation loop. The decoupling capacitors were

then distributed on three ac buses. The advanced power module package can be
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implemented to further reduce the parasitic inductance in DCSR [159]. In the future,
some active control methods invented previously can also be applied in DCSR to control
the gate drive signals of the switches to balance the transient and static currents [155]-

[157].

The DCSR should be compared in a comprehensive way with other three-phase
buck-type rectifier topologies on the die area, efficiency and power density. Also the

EMI filter should be designed and tested for DCSR.

Although DCSR can save the conduction loss on the active devices, the conduction
loss on the diodes is not reduced. The total conduction loss is still higher than voltage
source rectifier with the same power and voltage ratings. The multi-level CSR topology

is a possible method to further reduce the conduction loss.
Advanced reverse-blocking semiconductor device for CSR application

The large conduction loss can also be reduced with advanced reverse-blocking
semiconductor device. The Revserse-Blocking IGBT (RB-IGBT) have been developed
in recent years to save the conduction loss [69]-[73]. But the RB-IGBT from IXYS was
found to have much lower switching speed compared with standard IGBTSs in Chapter 6.
In recent years, Fuji Electric keeps spending much effort to improve the switching
performance of its RB-IGBTSs. It is shown that the RB-IGBT can reach comparable

switching loss with standard IGBT [73][160].

Another promising device is the lateral GaN power device. It is easy to obtain a bi-
directional switch using the GaN lateral HEMTs [161]. Panasonic has developed a 650

V 3.1 mQcem? GaN Gate Injection Transistor (GIT) [162][163] and applied in matrix
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converter [164]. It is possible to apply this 4-quadrant switch in CSR to reduce both the

conduction loss and the switching loss in the future.
e Advanced package technique for CSR

The commutation in CSR usually involves three switches, which is different from
that in voltage source converter. The layout proposed in Chapter 5 is limited to a 2-
dimentional plane, which may cause the commutation loop to be asymmetric between
three switches. For DCSR, the parasitic inductance in the commutation loop will impact
the current sharing during switching transient. This problem is possible to be solved if

the 3-dimentional layout can be implemented.
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