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Abstract—With the growing number of electric vehicles, pub-
licly accessible fast chargers (especially those along motorways)
are becoming a necessity, as they enable longer journeys and
reduce range anxiety. High-power converters are becoming in-
creasingly important in applications such as traction inverters
and electric vehicles, where inverters handle power in the range
of hundreds of kilowatts. Testing these high-power inverters
with passive loads is both challenging and expensive because it
requires high-capacity load banks to cover the entire operating
range. Traditionally, back-to-back testing is performed using
a hardware-in-the-loop (HIL) setup for high-power inverters.
However, existing literature shows that classical control methods
used in HIL setups can cause stability issues. This paper proposes
a feedforward-based control strategy for back-to-back testing
of traction inverters. The theoretical analysis is carried out
between two inverter legs for simplicity, but the same analysis
can be extended for back to back testing of traction inverters.
The proposed control strategy requires only a fixed voltage
source to compensate for device losses, eliminating the need
for a passive load bank. The algorithm has been validated
through simulations in MATLAB and experiments using Texas
Instruments’ TMS320F28379D MCU, successfully achieving a 1
kW power transfer between two inverter legs.

Index Terms—Back-to-back test, Feed-forward based control,
Controller design.

I. INTRODUCTION

India’s commitments under Conference of the Parties (CoP)
26 state that India is determined to achieve zero vehicle
emissions by 2070 with the help of reliable and efficient pure
green E-Mobility infrastructure. Consumer studies have shown
that the acceptance of electric mobility is primarily based on
the availability of the charging station and the time consumed
in the charging process. High-power charging stations are an
optimal solution to meet these market demands. According to
an application note published by Infineon [1], it is estimated
that a medium-scale electric vehicle can charge up to 80%
of its battery capacity in less than 7 minutes if 350 kW of
power can be pushed, comparable to refueling a conventional
internal combustion engine car. Delivering such high power in
a compact space requires converters rated at several hundred
kW, where high-current SiC power modules are often the
preferred choice [2], [3].

As the power rating of converters increases, testing becomes
more challenging because of the need for high capacity
power supplies and load banks to cover the full operating
range. Back-to-back testing is commonly used to address this
challenge, where the traction inverter under test operates as

a source, and another set of three half-bridges, forming a
rectifier of similar rating, acts as the load. In this setup, the
grid supplies only the device losses. Effective power control
is crucial for testing in a hardware-in-the-loop (HIL) setup.
In [4], proportional-integral (PI) control combined with shift
mode control is used to achieve current control. The operating
mode of the converter is determined using a Model Predictive
Control (MPC) based algorithm, which adds complexity to the
implementation. The control approach discussed in [5] also
uses MPC, where the duty cycle is predicted, and pulse-width
modulation signals are generated based on the inductor current
slope. However, this method requires a predefined minimum
duty cycle value for successful implementation, which restricts
the operating range of the system. In [6], an improved single-
mode control strategy is introduced that regulates the output
voltage only in boost mode. It is worth noting that this control
is feasible only when the duty cycle of the buck stage is fixed,
while the duty cycle of the boost stage is adjusted. Therefore,
this control strategy is suitable for rectifier applications but not
for inverters. In [7], a three-mode switching control strategy
based on single-carrier dual modulation technology, combined
with double closed-loop control, is described. While this
approach improves anti-interference performance, it is not
extendable to three-phase inverters. Lyapunov function-based
control strategies, as discussed in [8], are computationally
intensive. Additionally, the methods described in [4]- [8]
require a load at the output, making them less suitable for
high-power testing applications.

This paper presents a feedforward-based control strategy
for back-to-back power flow in traction inverter applications,
offering improved closed-loop performance compared to the
classical control methods available in the literature. The contri-
butions of this paper are as follows: (a) a complete theoretical
analysis has been conducted for power flow between two
inverter legs for simplicity, which can be extended to a three-
phase system; (b) this strategy does not require any complex
algorithms or computations; (c) the proposed strategy requires
only a voltage source to support the device losses; (d) the
proposed strategy does not require any high-power passive
load or source.

II. SYSTEM DESCRIPTION

The back-to-back test setup for a three-phase traction in-
verter is depicted in Fig. 1. In this setup, the inverter under
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Fig. 1. Back to Back Test

test (with a switching frequency f5) and the rectifier share
a common DC bus. L; represents the filter inductance, L;
denotes the grid-side leakage inductance, while i7,;45,).; and
iL{a,b,c}.r denote the line currents of the three phases on the
inverter and rectifier sides, respectively. Power (P,) circulates
between the inverter and rectifier, maintaining a constant DC
bus voltage (Vp¢) across the DC bus capacitor (Cp¢), while
the grid (v,) supplies only the device losses. Overall system
specification has been depicted in Table L.

TABLE 1
OVERALL SYSTEM SPECIFICATION
P, Vbe Vg fs Ly Cpc
200 kW | 800 V | 230 V | 20-50 kHz | 90 uH 145 uF

III. CONTROL STRATEGY FOR BACK TO BACK TEST
BETWEEN TWO INVERTER LEGS

This section presents a control strategy for transferring
power between two legs of an inverter, where one leg operates
as a buck converter and the other as a boost converter. The
common DC voltage source will supply only the device losses.
The circuit diagram of the back-to-back test between the two
legs of the inverter is shown in Fig. 2(a).

A. Plant Transfer Function

To maintain a constant voltage across the capacitor and a
constant current through the inductors, it is necessary to derive
the current and voltage plant transfer functions.

diVirs

Cpe .
T o

Setup for Traction Inverter

Assuming the duty cycles of switches S7 and Sy are D and
D, respectively, averaged switching modeling as described in
[9], can be performed. By applying small-signal perturbations,
the following equations for the small-signal equivalent circuit
can be derived:

(Vars +vors) = D1 - (Virs + vits) + dy - Virs
(Lirs +i1rs) = Dy - (Iors + dars) + dy - Iors

(D
2

(Vars +vsrs) = (1 — D2) - (Vars + virs) — d2 - Virs
- L 3)
(Isrs +iars) = (1 — D3) - (Isrs +i3rs) — d2 - Isrs (4)
The small-signal equivalent circuit shown in Fig. 2(b) can
be derived from Equations 1, 2, 3, and 4:
1) Current Plant Transfer Function: The current plant
transfer function (see Eq. 5), 12#5 can be derived from Fig.
1

2(b) by setting all other small-signal variables, except iars
and dq, to zero.

ioTs _ Virs Vbe
di  sLy+(sLyllsass)  sLy+ (sLyllsess)
2) Voltage Plant Transfer Function: The voltage plant
transfer function (see Eq. 6), -, can be derived similarly

&)

from Fig. 2 (b) by setting all other small signal variables,
except v, and iy, to zero.

1
sCpc

= (sLyl| (6)

)

Ly

i4rs

doIsrs

— vars

Boost

Leg

Fig. 2. (a) Circuit Diagram of Back to Back Test between Two Inverter Legs,
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(b) Small Signal Equivalent Circuit
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Fig. 3. (a) Classical Control Loop Structure, (b) Control Architecture of Buck Leg, (c) Control Architecture of Boost Leg

B. Controller Architecture and Controller Design

1) Controller Architecture and Controller Design - I:
Fig. 3(a) illustrates the classical control loop structure, which
includes an inner current loop and an outer voltage loop.
The current controller, PI~1, regulates the current loop plant,
G.(s) (see Eq. 5), while the voltage controller, PIxo, regulates
the voltage loop plant, G, (s) (see Eq. 6). Furthermore, the
current controller is designed to achieve a phase margin
of 70° at the desired gain crossover frequency of 1.4 kHz
(considering that the current sensing circuit’s sallen-key stage
has a bandwidth of 2 kHz). Substituting the values as shown
in Table I, and considering the ESR value of L; as 60 m{2
in Eq. 5, the current controller PI-; can be designed with
values k, = 3.3462 x 1073 and k; = 54.778.

Fig. 4(a) shows the Bode diagram of the current plant (see
Eq. 5), which exhibits multiple gain crossover frequencies.
This behavior arises because the current loop includes an LC
circuit with ideally zero damping. Even when considering the
equivalent series resistance (ESR), its value is insufficient to
effectively dampen the oscillations caused by the inductance
(L) and capacitance (Cpc). As the Bode plot provides insight
into the stability of the open-loop system, a root locus plot
(Fig. 4(b)) is used to evaluate the stability of the closed-loop
system. The root locus reveals that the poles and zeros are
located close to the imaginary axis, making the closed-loop
system highly susceptible to instability.

2) Controller Architecture and Controller Design - II:
Due to the limitations of the classical control discussed in
the previous section, a feedforward control strategy has been
implemented to circulate power between two inverter legs.
By applying Kirchhoff’s Voltage Law (KVL) and Kirchhoff’s
Current Law (KCL) to the equivalent circuit of a current loop
plant, Eq. 7 and Eq. 8 can be derived.

Bode Plot of Current. Plant

’LL(S) - VDC
di(s) —d.(s)  sLy ™
vo(s) 1 ®)

iLl(S) — iLQ(S) o SCDC

From Eq. 7 and Eq. 8, it can be observed that if the
current loop controller perceives the duty as (di(s) — dc(s))
instead of d; (s), and the voltage loop controller perceives the
current as (iy1 — ir2) instead of iy, then both the current
and voltage plants simplify to first-order systems. One leg of
the inverter operates with an inner current control loop and
an outer voltage control loop, as shown in Fig. 3(b), while
the other leg operates with an output power control loop, as
shown in Fig. 3(c). The step response comparison between
Architecture I and Architecture II is shown in Fig. 4(c). It
is observed that the settling time for Architecture I is greater
than that of Architecture II. Moreover, the settling time varies
with the ESR value. Hence, Architecture II is chosen to ensure
the control algorithm is load-independent and achieves better
transient response.

IV. CONTROL STRATEGY FOR BACK TO BACK TEST OF
TRACTION INVERTER

The proposed control strategy discussed in previous section,
can be implemented for back to back testing of traction
inverter. As depicted in Figure 1, two inverters will be con-
nected in a back-to-back configuration, with one functioning
as an inverter and the other as a rectifier. During this test,
power flows between the inverter and rectifier, while the grid
supplies only the losses. To regulate the power flow between
the inverter and rectifier, PQ control will be implemented on
the inverter side, while VpQ control will be implemented on
the rectifier side.

10 B w0 W

Real Axis (kHz) time(psce)

(b) (c)

Fig. 4. (a) Open Loop Bode Plot of Current Plant, (b) Closed Loop Root Locus Plot of Current Plant, (c) Step Response for Arch. I and II
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A. Plant Transfer Function

Performing the abc-dq transformation helps simplify math-
ematical computations by reducing the dimensions from three
to two. This transformation allows for independent control
of the direct (d-axis) and quadrature (g-axis) components of
currents by transforming three-phase instantaneous voltages
and currents into the synchronously rotating dq reference
frame.

gaslla.x VgdsiLd.x Viaref.x [ 1 |Ma.x

— | abc

VgbyliLb.x Vib_refw [ 1 |Mb.a

Vid_ref.x

gesiLe.a dq VgqsiLg.a Vig_ref.x

r=i=
r=r=

inverter side a =i = inverter side
rectifier side r=

@ )

Fig. 5. (a) abc-dq & (b)dg-abe transformation

1) Inverter Plant Transfer Function: For the inverter, PQ
control will be implemented, providing active and reactive
power as reference. The following equations can be written
for the inverter, from Fig. 1:

s(Ly+ Li)ig; = vga — vrdi — Rpiqi + (Ly + Ly)wig.;
)

s(Lf + Li)igs = vgq — Vigi — Rypigi + (L + Li)wia.
(10)
The following transfer functions can be expressed by feed-
ing forward the vyq and (Lf + L;)wig; terms into Eq. 9, and
the vgq and (Ly + L;)wig,; terms into Eq. 10:

id.i 1
= 11
VLd.i Rf+S(Lf+Ll) ( )
- 1
lgi (12)

VLgq.i N Rf + S(Lf + Ll)

These two current plants (direct and quadrature axis) in
Eq. 11 & 12 will be implemented for active power (P) and
reactive power (Q) control (see Fig. 7). Consequently, two PI
controllers will be designed for these plants.

2) Rectifier Plant Transfer Function: VpcQ control will
be implemented for the rectifier to maintain a constant DC
bus voltage and provide reactive power support. The following
equations can be written for the rectifier, from Fig. 1:

s(Ly+ Li)igr = vga — Vidr — Rpigr + (Ly + Ly)wiq.r
(13)

$(Lf + Li)igr = vgq — Vigr — Ryigr + (Lf + Li)wia.r
(14)
The following transfer functions can be expressed by feed-
ing forward the vyq and (Lf + L;)wig., terms into Eq. 13, and
the vy, and (Ly + L;)wiq., terms into Eq. 14:

id.r 1
— 15
vrar Rp+s(Ly+ L) (13)
. '
ter (16)

VLq.r - Rf + S(Lf + Ll)

These two current plants (direct and quadrature axis) in Eq.
15 & 16 will be implemented for DC bus voltage (Vp¢) and
reactive power (Q) control (see Fig. 8). Consequently, two PI
controllers will be designed for these plants.

The load side of the rectifier is illustrated in Figure 6, where
the rectifier perceives the inverter as a load. For a power of 200
kW at an 800 V DC bus voltage, the load resistance should
be 3.2 Q. From this circuit, Eq. 17 can be derived.

«—P

_|_

Ve SR ~Cpc

Y|

Fig. 6. Equivalent Circuit for Power Loop Plant

P —C dVDc
Voo P at R

If small signal perturbations are applied to P and V, the
following expressions can be derived:

Vbe

a7)

P+p c d(Vpe +vpe)  Vpe +vpe
—— =Cbc
Vbctvse dt R

After the necessary simplifications, the resulting transfer
function can be expressed as follows:

ch:(s) _ 1
P(s) Vpe(sCpe + %)

Therefore, for reactive power control, a current controller
(quadrature axis) plant will be implemented, while for DC bus
voltage control, inner direct axis current control and outer DC
bus voltage control will be used. As a result, two PI controllers
will be designed for the current plants shown in Eq. 15 & 16,
and one PI controller will be designed for the power loop plant
shown in Eq.18.

(18)

B. Controller Architecture and Controller Design

Two individual PI controllers (named P1I,), having values
with k,=0.6 & k;=1378.8 (see Fig. 7) can be designed for
the plant transfer functions given in Eq. 11 and 12, targeting
a gain crossover frequency of 1 kHz and a phase margin of
45°.

Two individual PI controllers (named P1I,), having values
with £,=0.6 & k;=1378.8 (see Fig. 8) can be designed for the
plant transfer functions given in Eq. 15 and 16, aiming for
a gain crossover frequency of 1 kHz and a phase margin of
45°. Additionally, a PI controller (named PI,), having values
with £,=34.612 & £;=20290.736 (see Fig. 8) can be designed
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Fig. 7. PQ Control Block Diagram

for the power loop plant, as given in Eq. 18, targeting a gain
crossover frequency of 100 Hz and a phase margin of 45°.

Vgd
Vpc™* P 2 id.r o Vid_ref.r
PI, [Pud gt f®— PI, E)—
Vbe td.r wLg
ig.r
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Qrefr 2 R
T BV (%' PI,
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Fig. 8. Vpc-Q Control Block Diagram

V. EXPERIMENTAL SETUP AND CONTROL PARAMETERS

The proposed control strategy for back to back test between
two inverter legs was tested on the SiC-based 200 kW inverter
(see Fig. 9) by circulating 1 kW of power between two legs
of the inverter. The inner and outer loops of the buck leg
operated with gain crossover frequencies of 1 kHz and 500
Hz, respectively, while the outer loop of the boost leg operated
with a gain crossover frequency of 300 Hz, maintaining
sufficient phase margins (greater than 60°). The experimental
and control parameters are provided in Table II and Table III,

Filter
Capacitor

DC I/}u.s'hm'
/ R Y/
Interface / DC Voltage
“('(nlrdm e Sensor Card

Driver

AC Voltage
Sensor Card

respectively. ESR was also considered during the controller
design. For startup, a resistance is added in parallel with
Cpc for safety purposes, incorporating the current through
the resistance as a feedforward term in the voltage loop while
keeping the rest of the control strategy unchanged. Fig. 10(a)
and Fig. 10(b) show the control algorithm or state transition
diagrams for the process and protection loops, respectively.
These states have been implemented on Texas Instruments’
TMS320F28379D MCU. The process and protection loops run
at %-th and 61—4-th of the ADC ISR frequency, which is the same
as the switching frequency.

TABLE 11
EXPERIMENTAL SETUP SPECIFICATIONS FOR BACK TO BACK TEST
P, Vbe Ve fs Lf Cf R
1kW | 200V | 100 V | 40 kHz | 90 uH 145 uF | 342 Q
TABLE III
COTROLLER PARAMETERS
kp (P) kp(PI1) ki(Pl1) kp(Pl2) ki(Pl2)
0.455 24 %1073 9.43 1.36 * 10~3 1.92

VI. RESULTS AND DISCUSSION

To evaluate the efficacy of the proposed algorithm for the
back-to-back test between two inverter legs, a step increase
(see Fig. 10(c)) and a step decrease (see Fig. 10(d)) in
inductor current have been applied at ¢ = 0.2 sec, from 320A
to 420A and from 420A to 320A, respectively. It can be
observed that both the inductor currents and the capacitor
voltage are effectively controlled. Figures 10(e) and 10(f)
present the steady-state simulation and experimental results,
respectively. The experimental results were obtained using
the Tektronix MDO3104 oscilloscope, which has a 1 GHz
bandwidth. The currents ¢7; and i, were measured using a
Hioki (3274) clamp-on probe and a Keysight (1146B) AC/DC
current probe, respectively. The gate-source voltage v4s(Buck)
and the capacitor voltage v, were captured using two Tektronix
(THDPO0100) 100 MHz high-voltage differential probes.

To evaluate the efficacy of the proposed algorithm for the
back-to-back test of the traction inverter, a step power decrease

Display
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/
/
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/
/
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/
Pump
Filter
Inductor
200 kW Stack AC Filters Liquid Cooled System

Fig. 9. Experimental Setup of SiC Stack
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Fig. 11. Closed Loop Response after Active Power Dip at Inverter Side at t
= 0.25sec

was applied to the inverter power reference at t = 0.25 sec,
reducing it from 200 kW to 150 kW. Figure 11 illustrates
the effective performance of the controller in stabilizing the
rectifier power at -150 kW from -200 kW, as observed through
the response of the inverter and rectifier direct and quadrature
axis currents. This observation validates the correctness of the
proposed control strategy.

VII. CONCLUSIONS

This paper discusses a feedforward-based control strategy
for back-to-back testing of the traction inverter. A detailed the-
oretical analysis has been conducted for back-to-back power
flow between two inverter legs, which has been extended to
a three-phase traction inverter. The proposed control strategy
has been verified through both simulation and experimentation.
The transient response has been validated through simulation

Authorized licensed use limited to: J.R.D. Tata Memorial Library Indian Institute of Science Bengaluru.

for both the back-to-back test between two inverter legs and
the back-to-back test of the traction inverter. The experimental
results presented for the steady-state response demonstrate the
efficacy of the proposed control architecture.
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