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Abstract: When compared to the much more common voltage-source inverter (VSI), the current-
source inverter (CSI) is rarely used for variable speed drive applications, due to its disadvantages:
the need of a constant DC-link current, typically realized with a front-end converter, and the need
for reverse-voltage blocking (RVB) devices, typically implemented with in-series diodes. This limits
the overall efficiency of the architecture. This paper investigates latest progress of the CSI research,
with the aim of demonstrating why CSI could come back in the near future. Different architectures
based on modern wide-bandgap (WBG) switches are analyzed, with an emphasis on why CSI can be
advantageous compared to VSL

Keywords: current source inverter; DC link current; wide bandgap; motor drive

1. Introduction

The popular choice of driving electric motors using variable-speed drives aims to
obtain a better overall efficiency, which is crucial considering that more than half of globally
consumed electricity is used for electric motor systems [1]. Currently, variable-speed drives
are usually based on the well known voltage-source inverter (VSI) topology, due to its
simplicity and efficiency. Current source inverter (CSI) needs reverse-voltage blocking
(RVB) switches and, historically, during the 1960s and 1970s, thyristors and gate turn-off
thyristors were used [2].

However, with the advent of fast-switching non-RVB silicon MOSFET and IGBT,
CSlI lost its popularity, and VSI took its place on market. Although CSI based on thyris-
tor is still used today for particularly high-power (in the order of MW) slow-dynamic
applications [3-7], CSI based on MOSFET and IGBT typically needs an additional in-series
diode to every switching device to provide RVB capability, which increases the overall
cost and conduction losses [3,8,9]. Moreover, CSI needs a constant current source, which is
typically obtained with a pre-stage [2], typically containing a bulky inductor. Considering
in-series diode and pre-stage, CSI topology is less efficient and more complex than VSI
topology [10-12]. However, as shown in [9], an electric drive based on CSI may, in niche
applications like electric aircraft [13-15] and electric engines [16-18], represent the best
design choice at the system level: the weight and volume of the power converter is higher
then an equivalent VSI, but the size of the electric motor results lower. As reported in [9],
the design of three electrical machines for an aerospace environmental control system
(ECS) with 25 kW of rated power, 270 V of DC-link voltage (common to modern aircraft
like Airbus A380 or Boeing 787), and a maximum speed of 25,000 rpm is done. Two ma-
chines are fed by VSI without (Machine 1) and with (Machine 2) flux weakening capability,
whereas Machine 3 is fed by CSI. The latter fed by CSI shows the highest values of efficiency
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and power density, making Machine 3 fed by CSI a suitable solution compared to other
machines fed by VSL. In particular, thanks to CSI voltage-boosting capability, the CSI shows
promise in applications when increasing rated electro-motive forces of the electric machines
determines higher system power density. Moreover, CSI has several advantages over
VS, in terms of filtered output voltages, electro-magnetic interferences (EMls), reliability,
and fault-tolerance [3,19,20]. The advent of wide-bandgap (WBG) bi-directional switches
poses critical questions when using them in VSI [21], reopening the field for CSI with
improved efficiency.

This paper summarizes the most recent progress for CSI topology, and it is subdivided
as follows. In Section 2, the typical architecture of a CSI is introduced, as well as CSI7 and
CSI with tri-state topology. In Section 3, wide-bandgap based topologies are discussed,
thoroughly explaining advantages and problems of new fast-switching devices when used
in VSI and CSIL

2. Current-Source Inverter: Architecture and Working Principle

The schematic of CSI is shown in Figure 1. The CSI is made up of six unidirectional
switches, forming a three-phase bridge, and an output capacitor filter Cy to filter high-
frequency components of modulated currents. In motor drive applications, it also avoids
overvoltages at the motor terminal due to the inductive nature of the load. Inherently, CSI
boosts output voltage, hence output phase voltages will be higher than input voltage [22].

Pre-stage L. Current Source Inverter Motor
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Figure 1. Schematic of a three-phase CSI with pre-stage in motor-drive application.

The output current I, in CSlis obtained by
Iref = Mglye @

where m, is the amplitude modulation index. The most used modulation technique is space-
vector modulation (SVM), based on pulse-width modulation (PWM) and well explained
in [2,11,12,23,24]. The base assumption is the presence of a constant current DC-source.
Considering Figure 1, nine different combination of on-switches are used, named states.
During active states, I;. current flows to the load; during zero states I;. is shunted, as
shown in Figure 2a,b.

IL, Ly

>
51 Sy K Ss K 51 Ss K Ss K

S Se S, - L l S, S5 5 1 L l o
BTN N D U R

(a) Active states. (b) Zero states.

Figure 2. Examples of active and zero states for CSI.

The states, reported in Table 1, can be represented in fixed reference frame «-8, as
shown in Figure 3. The main principle of SVM is that a reference output current I,
representing three phase output currents and assumed constant over the sampling period
Ts, can be synthesized as the sum of two adjacent active states and a zero state. States are
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imposed for certain dwell times, through the ampere-seconds balancing principle. The
resulting dwell times are [2]:

L 0t
Ty = m, sin i 9—(k—1)§ Ts
Tysq = g sin (76T+ (9 ~ (k- 1)§>>Ts ?)

To=Ts — T — Titq

where k is the sextant in which I,,f is placed (k € [1,6], if k = 6 then k +1 = 1), Ty and Tj41
are active state dwell times, and Tj is zero state dwell time.

Table 1. SVM states.

State Vector ON Switch
L Se, 51
L 51,52
Active ;3 22’ §3
4 3,94
Is S4, S5
I Ss, S¢
Slr 54
Zero TQ 53, SG
S5, 52
B =
I3
— —
I, Sextant 3 Sextant 2 I,
(S3,54) e (Sly SZ)
Iref
Sextant 4
> «
Sextant 1
— —
I I
(84, 85) Sextant 6 (S6, S1)

Figure 3. SVM states in fixed reference frame a-p.

From (2), the sum of active and zero dwell times must be equal to T;. The presence of
overlap time between states results in an increased zero state dwell time (during overlap is
a zero state) and a consequent reduction of active state dwell time, as shown in Figure 4.
This causes a distortion in synthesized output current I,,;. Overlap time compensation
solutions are discussed in [12,25-27]. Two conditions must always be guaranteed to avoid
damages on converter devices:
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*  There must always be a current path for DC-link inductor current I, to avoid over-
voltage. This is obtained by imposing an overlap time during commutation between
states as in Figure 4;

*  There must not be short circuit between output filter capacitors. This is achieved using
unidirectional RVB switches, typically obtained with a transistor and an in-series
diode, as in Figure 1.

Zero
state

Active
state k _
Active
state k+1

Figure 4. Timing of SVM with insertion of overlap time (red squares).

Compared to VSI, CSI has several advantages. Whereas in VSI, output voltages are
square waves, output voltages in CSI are quasi-sinusoidal, due to output capacitors Cy,
forming a second-order low pass filter with the machine inductance Ly; this limits motor
losses [19], electro-magnetic interference (EMI), and dV /dt problems in motor inter-turn
insulation [21]. CSI has higher fault-tolerance, as DC-link inductor limits overcurrent in
cases of phase leg shoot-through [28]. The DC-link inductor in CSI is much more robust in
terms of vibration, humidity, temperature, and aging than the DC-link capacitor in VSI [29].

On the other hand, typically CSI is less efficient, as in-series diodes cause conduction
losses, and it requires more components, as it needs a front-end stage that provides constant
Ij.. Table 2 summarizes the advantages and disadvantages of VSI and CSL

Table 2. Comparison between typical VSI and CSI [3].

Efficiency N.of Components  EMI  Fault-Tolerance DC-Link Robustness

VSI v v X X x
CSI X X v v v

2.1. Seven Switch Topology: CSI7

In [12], a single-stage CSI topology with a seventh switch is presented for grid-
connected DC-AC applications and in [10] for electric drives applications, named CSI7.

Figure 5 shows the schematic topology with the seventh switch posed in parallel to
the three-phase bridge and used to achieve the zero state. In this way, conduction losses
during zero states are halved, and all switches in three-phase bridge achieve zero-current-
switching (ZCS) condition. Moreover, this topology with a proper modulation strategy
allows for reducing ground leakage current with respect to the classic solution [12]. The
boost nature of CSI with a DC voltage source and without a pre-stage power converter
limits its operation speed region. At low speed, when back-electro-magnetic force and
hence output phase voltages are low, CSI can not operate as a boost. For this reason, the
single-stage CSI solution proposed in [10] is able to control the machine phase currents
only in the high speed range.
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Figure 5. Schematic of CSI7.
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2.2. Seven Switch Topology: CSI with Tri-State

In [30], a solution with tri-state conditions is presented. Tri-state condition is defined
by the presence of an additional switch in parallel to L;, choke as in Figure 6.

I dc de
YY N

—
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Figure 6. Schematic of tri-state DC-link [30].
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<

The tri-state condition allows one to obtain a new free-wheeling state, in which I,
is kept constant and the output currents are equal to zero. Whereas in typical CSI active
and zero states are mutually dependent and linked by the relation Ty + Ty1 + To = Ts, the
new free-wheeling state makes them independent. Thanks to the free-wheeling state, the
dynamic performance of power converter control is increased due to the elimination of the
right-half-plane (RHP) zero in the control-to-output transfer function.

2.3. DC Current Control

CSI needs a constant input current. Because a constant current source is not available,
several techniques have been proposed to control DC-link current I;,.

Typically, if an AC voltage source is available, a current source rectifier (CSR) is
used [2], as in Figure 7a, whereas if a DC voltage source is available, several different
front-end pre-stage have been used. The CSR and the front-end pre-stage also allow CSI to
work in buck mode, so that the overall voltage gain can be less than one and output voltage
can be lower than input voltage. Furthermore, the CSR can inherently regenerate energy
from the motor, allowing bidirectional power flow from and to power source.

In [7], 1, is controlled with a buck (chopper) converter, as in Figure 7b, while the six
full-bridge switches are commutated at low frequency with the classical six-step modulation.
The switch Sy controls the current that flows always in two phases of brushless DC motors.

In [28,31] a DC-bidirectional chopper is presented and shown in Figure 7c, which
allows current to flow back from load to source, hence regenerative braking. A DC-chopper
can operate in three way, allowing current to flow:

1. From power supply to DC-link inductor and load, Figure 8a;
2. From inductor to load, Figure 8b;
3. From load to power supply, Figure 8c;

depending on the states of the chopper switches, as illustrated in Figure 8.

[ Ve e
LA A & |
Ny : . Vin
L Vi Vo 1 Y
:]K A A |
T
(a) Current source rectifier (b) Buck converter (c) Half bridge

Figure 7. Different pre-stage topologies to control DC-link current (in dashed red boxes).

It is possible to control DC-link current I;. even without a pre-stage, when output
voltages are desired to be higher than the DC input voltage. In [10], a DC-link current
control that does not use any front-end converter was proposed, through a closed loop
control of I;.. This is achieved considering that during zero states in SVM, I;. current
increases, whereas during active states, it decreases. The control tends to find a modulation
index m, so that, for a given working point for motor, I;. remains constant. Although
avoiding the use of extra components, this solution does not allow regenerative braking.
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Moreover, when using a pre-stage, I current is typically regulated and minimized so
that CSI modulation index is equal to 1. In this way, fewer conduction losses occur. The
solution in [10] does not minimize I;. since m, is not set to 1. In any case, the absence of
the pre-stage converter can increase converter efficiency.

Tie  La

3

g

(a) From source to load (b) From inductor to load (c) From load to source

Figure 8. Different operational states and energy flow (in red dashed arrows) for bi-directional
DC-chopper.

In Table 3, advantages and disadvantages of shown solutions are summarized, in
terms of low speed capability, number of components, and regenerative braking capability.
Low speed operation is the ability to drive motor in the low speed region, when output
phase voltage is lower than input voltage. The number of components needed is also
related to cost and control complexity. Regenerative braking is the ability to restore energy
from the motor to the power supply, hence to work in four quadrants.

Table 3. Comparison between different current control strategies.

Pre-Stage Low Speed N. of Components Regen. Braking
Monodir. chopper [7] v b
Bidir. chopper [28,31] v b v
Single stage [10] X v

2.4. Resonance in Motor Drive Application

From Figure 1, the output capacitive filter and motor inductance form a second order
CL filter that provides an harmonic suppression of —40 dB per decade [32] and a resonance
phenomenon, which could be excited by disturbances. The transfer function of the CSI-
PMSM motor plant is shown in [32,33], for example, in Equation (7) of [33]. To ensure
system robustness against disturbances, it is important to guarantee enough damping.
Looking at the system transfer function, damping is directly proportional to motor winding
resistance, so that the simplest way to increase it is to pose in-series passive resistors at
the motor input terminal, which cause more losses. A more sophisticated method is active
damping. In [33], a virtual resistor is imposed by the feedback controller, so that the system
is critically damped, whereas [32] uses a capacitor voltage feedback damping (CVFD) that
provides the combination of a virtual resistance and a virtual capacitive reactance extending
the previous control. To address the resonance damping, in [34] different control strategies
are discussed with a discrete time synthesis. The controls are based on the dynamic
capacitor voltage control (DVC) of [35], taking into account the following strategies:

i Classical FOC control with feedforward decoupling;

ii ~ Classical FOC control with feedforward decoupling and series active damping;
iii ~ Classical FOC control with feedforward decoupling and parallel active damping;
iv. Complex vector with decoupling control (based on [36]);

v Complex vector with decoupling control and series active damping;

vi  Complex vector with decoupling control and parallel active damping.

It has been shown that the use of complex vector with decoupling control and series
active damping (v) improves the stability and the dynamic response of the system, ensuring
the predefined settling time adopted during the synthesis of the controller. Worst results
are obtained with parallel active damping (iii, v) in both situations.
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3. Use of Wide-Bandgap Switches
3.1. Properties of Wide-Bandgap Materials

In the last ten years, wide-bandgap (WBG) transistors have become available. WBG
materials, such as silicon carbide (SiC) and gallium nitride (GaN), have a higher critical
electric field than silicon, which allows one to obtain thinner and more doped semicon-
ductor layers in switching devices. As a consequence, the WBG transistors have smaller
on-resistance and parasitic capacitance, ergo lower conduction and switching losses. This
leads to the possibility of using higher switching frequency [21,37], thus allowing for the
use of smaller passive filtering elements [38] and a higher power density. Moreover, WBG
materials can operate at higher temperature. SiC has a thermal conductivity more than
three times bigger than silicon [21], which helps in exchanging heat. These characteristics
allow for shrinking the size of cooling elements.

3.2. WBG in VSI and CSI

The VSI output voltages are pulsed square waves. High switching frequency and fast
output voltage rise/fall times produce a richer harmonic spectrum, i.e., more EMI [39]
and overvoltages on the motor terminal due to parasitic cable inductance. Moreover,
high dV /dts stress inter-turn insulation and produce bearing currents, limiting insulation
and bearing lifespan [1,3,40]. For these reasons, VSI topology does not permit one to
fully exploit the potential of fast WBG switches [21]. It is possible to overcome these
problems by limiting switching frequency, only taking advantage of lower on-resistance
of WBG-switches or by using an output LC filter. The former may not be economically
convenient considering WBG device cost [21], whereas the latter increases the number of
components and losses [39], in some cases making VSI converter even worse than CSI in
terms of overall efficiency [1,41]. On the contrary, CSI output currents and voltages are
quasi-sinusoidal, and this makes CSI an interesting alternative when using WBG switches,
being it is inherently immune to the aforementioned problems associated with squared
output voltages.

It should be noted that even if high switching frequency allows one to reduce passive
elements size, VSI with an output filter is still more compact than CSI [42], mainly due to the
bulky DC-link inductor in CSI. However, if the analysis is carried out to the electric drive
(power converter and electric machine), this statement cannot always be considered true.

3.3. Improving CSI Performances with WBG Switches

The shrinking in passive and cooling elements given by WBG fast switches opened the
interest in integrated motor drive (IMD) systems [1,20,43—46], limiting size, volume, and
cost of converters, eliminating cables and connectors, and exploiting mechanical energy
from the motor itself to cool power electronics. IMDs based on CSI topology have the
advantage of having the DC-link inductor much more robust than the DC-link capacitor in
VSI topology, which is crucial considering a converter enclosed in a motor stator [47].

In [48], normally on SiC JFET switching at 200 kHz is used to develop a CSI. The use
of normally on switches assures that, under fault conditions, a natural freewheeling path is
available for DC-link inductor current.

As WBG devices are still quite expensive, a cost-effective hybrid SiC and Si seven-
switches topology is proposed in [41]. Six Si-switches form a three-phase bridge, while the
seventh SiC switch shunts I, current during commutation between active states, achieving
zero states and zero-current-switching (ZCS) conditions for bridge switches. In this way;,
switching losses are considerably lower than typical Si six-switch CSI. When working
at 20 kHz and 3 kW, the proposed solution has a similar efficiency compared to typical VSI
with output filter (98.6% vs. 98.5%).

Solutions proposed before still used in-series diodes to obtain RVB switches. In order
to remove in-series diodes and achieve better efficiency, efforts have been made to use
bi-directional (BD) switches. In [20], a six-BD-switch topology, named H6-CS]I, is shown
in which every switch is composed of two SiC MOSFETs, connected in common-drain
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configuration. The use of BD switches increases efficiency, as the voltage drop across the
additional switch is lower than across typical in-series diodes, but it poses the problem
of inter-phase short circuit during overlap time through the path highlighted in Figure 9,
because BD switches are non-reverse blocking.

N AN
I 1 3 5

l —u
NG .

I ¢

Figure 9. Interphase short-circuit path (in red dashed lines) when using BD switches.

This commutation problem is solved adopting a 4-step commutation technique, in
which the additional transistor body diode is used as a reverse-current blocking diode
during commutation, avoiding inter-phase short circuit [20]. Efficiency maps show the
efficiency of transistor-diode switch CSI compared to BD switch CSI for different combina-
tions of requested motor speed and torque: efficiency of the latter is about 1% better for
every operating point, as fewer conduction losses occur.

In [8], a seven-switch topology, named H7-CSI, is shown in which six BD SiC switches
are used, as in [20], and a seventh RVB switch is used to shunt the DC-link current, as in [41].
As result, the six BD switches achieve ZCS conditions and during zero state conduction
losses are halved. Efficiency of H7-CSI is higher (between 1% and 3%) than that of H6-CSI.

The disadvantage of the solutions proposed in [20] and [8] is the need of 12 gate drivers
for S1-S¢, as each BD switch is composed of two transistors. Moreover, the conduction
losses during commutation are increased, because the voltage drop across the body diode
can be as high as 4V, much higher than in a typical SiC Schottky diode. In [3], an eight-
switch topology, named H8-CSI, is proposed and shown in Figure 10. A net composed
of diode Dg and SiC switch Sg is posed after shunting transistor S;. Thanks to Sg, both
transistor forming BD-switches S1-S¢ can commutate at the same time, without the need of
4-step commutation, limiting the need of gate drivers and eliminating conduction losses on
the transistor body diode. H8-CSI is slightly better than H7-CSI in terms of efficiency and
requires only 8 gate signals and gate drivers instead of 13.

S5 L

Figure 10. H8-CSI topology [3].

In [45], the aforementioned topologies H6-, H7-, and H8-CSI are compared when
different WBG devices are used in the field of IMD. Transistors tested are C3M0065090]
(max. current 354, SiC), GS66508T (max. current 30A, GaN), and GS66516T (max. current
60A, GaN). As expected, in terms of efficiency, H6-CSI is worse than H7-CSI, which is
worse than H8-CSI. From the relation between efficiency and junction temperature, the
result is that SiC devices are more insensitive to temperature rise.

The classical solution to minimize conduction losses of a CSI with pre-stage is to
choose a modulation index m, equal to 1. DC-link current I;, causes conduction losses
even during the zero state. It is therefore possible to avoid zero state when working in
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buck mode in order to decrease conduction losses. In [49], a CSI topology with a buck
pre-stage is presented, similar to the one shown in Figure 7b. To reduce conduction loss
when working in buck mode, m, is set equal to 1 to minimize I;., which is regulated using
the pre-stage, but even if m, = 1, zero states are necessary. The modulation presented
in [49] removes zero states when operating in buck mode under certain conditions of
modulation index. Zero states produce conduction losses even if no power is transferred to
the motor. Removing them results in an 8% reduction in conduction losses and up to an
83% reduction in switching losses.

3.4. WBG: EMI and Common-Mode Voltages Problem

Finally, one problem posed by WBG devices is the increase in generation of EMI [50]
and high-frequency common-mode (CM) voltages [39]. In [50], it is shown why WBG
devices are EMI sources. Si- and SiC-based converters are compared, showing how the
latter emits much higher (20+ dB) conducted and radiated EMIs in the whole analyzed
spectrum. In [51], it is thoroughly explained how CM voltage is generated. In [40], a
simplified lumped-elements model of a WBG-converter with a motor system including
parasitic elements is shown, which is used to derive a transfer function-based analysis
for CM voltages. High frequency components of CM voltages are responsible for leakage
current, as they excite parasitic capacitive path between the motor winding and ground.

The simplest way to reduce CM voltages is to split input inductance L. in two equal
halves [51], as in Figure 1. Several modulation strategies and soft-switching CSI are then
presented, with the aim of reducing CM voltages. The work in [50] shows the active-
gate-drive technique to limit the steepness 4V /dt on voltage transient and high frequency
harmonic content in output voltage. In [52], is shown how zero states in SVM produce the
highest peak in CM voltages. Hence two different nonzero-state modulation strategies are
presented, based on SVM but avoiding zero states. In active-zero-state modulation, zero
states are substituted with opposite active states. In near-three-state modulation, active
states are obtained as the sum of three adjacent active states.

It is shown how near-three-state modulation can achieve a 50% decrease in CM
voltages. The main disadvantage of these different SVM techniques is the limitation of the
modulation index. In [31], an additional shunting net to achieve zero state with zero CM
voltage and full modulation index range is proposed.

In [53], an auxiliary resonant circuit is added to DC-link inductor, made of two SiC
switches, two diodes, a resonant inductor, and a resonant capacitor. Applying a particular
modulation scheme, zero-voltage-switching (ZVS) condition is achieved for bridge switches.
Random-switching-frequency technique is also employed to distribute switching harmonics
evenly in the spectrum. Compared to hard-switching topology, this random-frequency
zero-voltage switching solution has lower EMI over the whole spectrum, especially in
the [3, 30] MHz range.

3.5. WBG: Summary of Shown Solutions

Table 4 summarizes advantages and disadvantages of the shown solution, in terms of
component count, efficiency, common mode voltages, and complexity (gate driver number
and modulation strategy).

Table 4. Comparison between different CSI topologies based on WBG devices.

N. of Components Efficiency CM Voltages Complexity
Classic Si H6-CSI v X v v
Hybrid H7-CSI [41] v v
SiC H6-CSI [20] v x
SiC H7-CSI [8] x v v x
SiC H8-CSI [3] x v v
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4. Conclusions

This paper shows the actual state of the art of electric drives based on a CSI converter.
Typical architecture, working principles, advantages, and disadvantages when compared
to VSI are shown. To obtain the CSI control in the four quadrants with a DC voltage source,
the state-of-the-art solution is based on employing the bi-directional DC-chopper [28,31].
This allows the CSI to work in buck mode and to regenerate energy during braking. It
is possible to reduce semiconductor power losses and component counts removing this
power stage, as shown in [10], but in this case, the DC-link current control is effective only
when the speed of the electric machine allows the CSI to work as a boost.

The advent of WBG devices can improve performance of CSI converters, because they:

. Reduce semiconductor power loss, thanks to lower on-resistance;

*  Can operate at higher temperatures, allowing one to integrate the motor drive;

¢ Allow for increasing switching frequency, hence decreasing the size of passive and
cooling elements;

. Are not suitable for VSI, because of high 4V /dts and EMI issues, which reduce device
performance in practical applications.

Different CSI architectures were presented, employing WBG devices to achieve an
efficiency comparable to that of VSI. Combining the current control strategy in [10] and
WBG devices, one can obtain a CSI comparable to VSI in terms of complexity and efficiency
in the field of high-speed motors, where it is not necessary to buck input voltage. There is
still the need to explore CSI based solutions that can work at low speed without the need
of a pre-stage.

The intrinsic advantages of the CSI—higher reliability and robustness—can guarantee
the same features also for the electric machines thanks to output sinusoidal voltages and
low ground leakage current. Currently, the power density of CSI is lower with respect to
the VSI solution, but if the whole CSI-motor system is considered, this is not true [9].

Considering the advent of WBG and the unmistakable CSI advantage of having motor-
friendly output voltages, it is not to be excluded that the system-level advantages of DC-link
element robustness and reduced stress on electrical machines may tilt the scale towards the
CSI topology rather than the VSI for some applications in harsh environments, like in the
field of integrated motor drives and electric aircraft.
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