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Abstract— Present grid infrastructure is unprepared for the
wide-scale integration of electric vehicles (EVs). Real-time grid
simulation and hardware testing are necessary for the fast and
accurate development of EV charging control strategies that are
applicable in the field to mitigate their adverse effects. To help
facilitate this goal, in this study, we develop a controller veri-
fication testbed using a baseline bidirectional AC/DC converter,
commonly used in on-board EV chargers, within a hardware-
in-the-loop (HIL) test system. The converter runs real-time on a
very-fast time scale and integrates into an external grid simulator.
We utilize the strength of the HIL device in simulating power
electronics while simultaneously realizing a complex distribution
grid operation in real-time. The whole system holistically provides
an opportunity to see the implementation benefits of a decentral-
ized charging algorithm on the voltage stability of the distribution
grid. The study presents a step-by-step approach to developing
and testing controllers, providing an essential contribution in
the field demonstration of decentralized EV charger control
strategies.

I. INTRODUCTION

Electric vehicles (EVs) will become more common in the
coming years in the constant search for cleaner transporta-
tion. While EVs provide an alternative to traditional internal
combustion engine (ICE) vehicles, they can significantly strain
the distribution grid operation if mass integrated. An on-board
EV charger can operate at a rate as high as the peak power
consumption of a typical house [1]-[3]. Today, more than 80%
of EV owners prefer to charge their EVs at home in the US [4].
In a world where most homes have an EV, it would easily
overload the present grid equipment if the power demand
were to nearly double as people return to their homes and
start charging their vehicles. Smart and coordinated charging
methods will be critical for the smooth integration of EVs on
a mass scale.

While EVs can disturb the grid, they can also benefit it if ad-
equately integrated. With minimal hardware modifications [5],
[6], EV chargers can provide grid reactive power services to
compensate for nearby inductive loads. Furthermore, studies
show how EVs can filter the distortion created from other
nearby loads [7]. Other studies explore altering the charging
power to compensate for voltage drop during times of peak
power usage to provide decentralized demand response to the
grid [8].

Unidirectional EV chargers can only compensate for grid
voltage drops by lowering their charging power. No more
compensation can be provided if the drop is severe enough that
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the charging power reaches a minimum. Bidirectional chargers
allow full compensation as they are capable of supplying
real power as well. Additionally, four-quadrant bidirectional
chargers add the ability to inject or absorb reactive power in
addition to real power. With the high power capability of EV
chargers, bidirectional chargers could easily supply enough
power to support short-term increased power demand. Whether
it is a unidirectional or bidirectional, for all the ancillary
services provided to the grid, the developed control algorithms
should be practical and easily implemented in the field.

Hardware-in-the-loop (HIL) devices are used to simulate
the function of a system in real-time. This way, power/control
hardware external to the system can be tested. This is done by
providing feedback from the simulated system to the external
hardware while receiving signals from the hardware to influ-
ence the simulated system. HIL devices increase controller
development speed and remove the need to build the full
system or risk damage to components due to controller issues.
These advantages have made HIL devices quite popular for
their simplicity and ease of use. Past work using HIL devices
showcased grid-tied AC/DC converter controllers and their
impact on basic grid models [9], [10].

A decentralized Additive Increase Multiplicative Decrease
(AIMD) charging algorithm was selected to increase grid
stability because of its simplicity and ability to scale [11]. The
literature on decentralized charging algorithms mainly focuses
on simulated results [12]. These studies provide good insight
into new strategies, but simulation alone can potentially omit
real-world problems associated with controller implementa-
tion. There has also been limited work in real-time control
algorithm validation, but with control algorithms different
than AIMD [13]. Additionally, most proposed work utilizes
simple grid models [14], [15] whereas we present a complex
distribution system, modeling both primary and secondary
sides down to a total of 320 end-nodes that have real power
consumption profiles. This presents the opportunity to build
a system for the purpose of validating a purely decentralized
AIMD charging algorithm in real-time.

This paper will investigate the integration of a bidirectional
AC/DC converter model realized on a fast time-scale Typhoon
HIL 402 [16] simulator. A more complex grid simulation
runs a versatile multi-core real-time digital simulator, OPAL-
RT OP5600 [17]. The controller will utilize a decentralized
AIMD algorithm to mitigate adverse grid impacts. The overall
implementation accuracy of the algorithm will be assessed
using a TT C2000 micro-controller.
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Figure 1: AC/DC converter topology schematic.
Table I: System Specifications

Parameter [ Symbol Value
Charger apparent power S 10 kVA
Grid voltage Vs 240 V
Grid frequency wo 2760 rad/s
Switching frequency fsw 72 kHz
Filter Inductance Lg 500 pH
Output voltage Vie 340-800 V
Output capacitance Cec 500 uF
Output equivalent resistance Rgc 60 Q2

II. SYSTEM DESCRIPTION AND MODELING
A. On-board Charger Power Electronics Topology

In typical two-stage on-board chargers, the AC/DC con-
verter controls real and reactive power received from the grid,
while the DC/DC stage manages the current sent to the EV
battery. Since our focus is the grid-integration and its imple-
mentation using HIL, only the AC/DC stage is analyzed. Fig. 1
shows the baseline AC/DC converter topology and its control-
loop developed for this study. It uses a full-bridge active
front-end rectifier and a resistor connected to the DC output.
This configuration can easily emulate the behaviour of an on-
board charger for advanced grid services and simultaneously
realize battery charging without needing an actual battery pack
model. This is especially advantageous for future hardware
testing of EV-grid integration without the need to maintain
a fail-proof battery testing environment. The system design
specifications are listed in Table I. The parameters are selected
to be compatible with a future actual hardware demonstration
using wide band-gap SiC MOSFETs.

B. Modeling of the Converter Transfer Function

The modeling and controller design approach follows a sim-
ilar methodology presented in [6], [18]. This design employs
a bipolar modulation technique, where the switches operate
in pairs. When switches S7 and S, are on, switches So and
S3 are off. This means that the voltage V;, is either +Vj,
or —Vy., with no instance of V;, = 0. If we replace the
full bridge in Fig.1 with a black box that has AC and DC
terminals, we get the average (free of switching devices)
representation of the converter as depicted in Fig.2. To derive
the relationship between the input current and the control
input, the relationship between the AC and DC terminals must
be defined.
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Figure 2: Average model of the AC/DC converter.

The relationship between the input and output currents
and voltages can be found if the circuit is averaged over a
switching period. The output capacitance (Cy.) is assumed
to be high enough to keep the DC voltage (Vj.) constant.
Assuming the full-bridge circuit is lossless, we can write:

Vin = M+ Vdc

I, (1)
is = —

m

where
m =M - sin(wet —9), |M|<1,
vs =V2V, sin(wot).

m is the sinusoidal modulation index, M is the modulation
index amplitude, I, is the output DC current flowing into the
RC network, 7, is the grid current, and wy is the grid angular
frequency. By applying KVL around the loop on the AC side
of the circuit, the following differential equation is obtained:

)

di., R, 1 1

2 T g — — v 3

dt R T NG )
mVy.

After taking the Laplace transform of both sides, the fol-
lowing expression is obtained:

Bup oo Ly Ve

sls(s) + 7 Is(s) = L—Vs(s) T M(s)
R 1 Vie
1.(s) (s+ LL) = L) - Yenn(e)
_ 1 Ve
L) = gm0 ~ i sn MO
4)

Here, the transfer function between the input current i, and
the control input m is found to be

IS(S) o Vdc

M(s)  Rp+sLg
We should note that v, is a sinusoidal voltage, and it is

fully coupled with the system. Therefore, we can model it as

a sinusoidal disturbance to the system that is supposed to be
eliminated by the controller.

GP(S) =

o)

III. CONTROLLER DESIGN

This design consists of two controller stages. The first stage
is the inner-loop current controller, and the second stage is
comprised of the outer-loop active power (P), reactive power
(Q), and DC bus voltage (Vy.) controllers. The controller
meets the P demand via dynamically adjusting the dc-link
voltage between 340-800 V.

The current controller could be designed by considering the
system’s average model (5) transfer function, and the outer
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Figure 3: Closed-loop block diagram of the system.

loop parameters can be tuned via empirical trial and error
methods. The block diagram of the designed system is shown
in Fig. 3. Plant refers to the converter transfer function and
G.(s) is the current controller. The reference input (i, ¢) to the
system will be a sinusoidal signal. The disturbance (v;) is also
sinusoidal at the same frequency as the reference. Therefore,
the controller (G.(s)) must have a very large gain at wy to
reject all the disturbances and eliminate the steady-state errors.
One controller structure that is known to have a large
gain at a specific frequency is the proportional resonant (PR)
controller. The transfer function of a typical PR controller is
shown below.
2Kiwc
Cel8) = Ko+ Tonms 1t (©)
To tune the controller, first an arbitrary and reasonable pair
of K, and K; are chosen. In this design, we set K, = 1
and K; = 500, and w,. is chosen to be 27 rad/s. Although
these coefficients result in a stable response with infinite gain
margin and positive phase margin, the bandwidth (cross-over
frequency) of the system is too high for the digital controller
to respond (i.e., 1 Mrad/s). After inserting a gain of 0.1 in
the controller path to slow down the response, the cross-over
frequency of the new system with the PR controller is now
100 krad/s. The new (G.) then becomes:

a ~ —0.1s* — 629.6s — 1.421 - 10*
(&) = = 13575 + 1421 109
The resulting frequency response of the loop transfer function
Gr(s) = Go(s) x Gp(s) is shown in Fig. 4.

This continuous domain transfer function is converted to
discrete-time using a sampling frequency of 72 kHz: (8).

—0.122 4+ 0.19132 — 0.09126
Go(z) = . 8
e(2) 22 — 22 + 0.9998 ®)

The outer loop that handles the active and reactive power
tracking should be slower than the inner current controller.

)
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Figure 4: Final loop transfer function frequency response
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Figure 5: System controller diagram for inner and outer
loops [6].

The P-Q theory is a commonly used method to implement
power measurements in a discrete environment [19]. With
this method, the voltage and current measurements (V, and
1,) are first delayed a quarter of a grid cycle to obtain the
quadrature components (Vg and Ig). The P and Q values are
then computed using a non-linear combination of the delayed
and present voltage and current components:

P=0.5x (VOJQ + VBIﬁ)

Q=05 x (Valg — VsI,) ®

To eliminate the ripples on the power measurements, a discrete
low pass filter (LPF) with a cut-off frequency of 20 Hz is used
after the calculation of the quadrature components. For a given
P and Q reference, the resulting input current is calculated as:

irep = V2l sin(wot + 6) (10)
where ;o Pres
* 7 Vicos(0)
o) (11
0= mnfl(—P:;f )

The outer loops are controlled by discrete PI controllers.
The coefficients of the PI controllers for V-loop, P-loop and
Q-loop shown in Fig. 5 are: KX:O.L K} =20, K[If=2.5,
KFP=25, K9=0.1, and K{*=20.

IV. REAL-TIME HIL SIMULATION ANALYSIS

A. Dynamic Analysis of the Converter Operation

The controller was implemented in a TI TMS320F28335
DIMM100 based control card and tested using the Typhoon
HIL 402 environment. We used an interface card to connect
the DSP to Typhoon HIL 402. There are two test scenarios
implemented to analyze the transient performance of the
charger. Each test began with the converter operating at
rated apparent power and unity power factor (Pr.y=10 kW
and Q,.;=0 kVAR). Then, a step response was provided
at t=0 s to shift the desired converter output to two dif-
ferent power factors still at rated power, one is 0.707 pf
lagging, and the other is 0.707 pf leading. Namely, Test#1 has
Pcy=10—7.07 kW and @Q,.r=0—7.07 kVAR; and Test#2
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Figure 6: Transient test 1: grid voltage and current.
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Figure 7: Transient test 2: grid voltage and current.

has P, r=10—7.07 kW and Q,.f=0— —7.07 kVAR. Result-
ing grid voltage and current can be seen in Figs. 6-7 for the
two tests, showing successful transient performance.

B. Grid Integration Simulation

The on-board charger, implemented in Typhoon HIL 402,
is integrated into a real-time grid simulator using OPAL-RT
OP5600. The real-time grid simulation environment and its
implementation are shown in Fig. 8. It features a 2.5 MVA,
230 kV/4.8 kV, 37-bus, three-phase balanced network for the
distribution grid that is composed of residential house and EV
loads. In total, this grid model has 10 neighborhoods with 16
homes in each neighborhood. The EV charger is operating in
one of the 16 homes within a neighborhood. There are a total
of 320 end-nodes. A diagram of the total HIL test system is
shown in Fig. 8.

The grid simulator sends a grid voltage signal via the
OPAL-RT to the converter and receives instantaneous current
feedback from Typhoon HIL device to determine power con-
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Figure 8: Overview of EV grid integration test system.
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Figure 10: System test results without AIMD.

sumption from that particular node. The actual hardware test
system is constructed as seen in Fig. 9.

This system was tested with the grid simulation starting at
approximately 5:30 PM when our load model starts to increase
its power demand. The charger operates at a rated power of
10 kW. The system ran for about 50 min, and the results from
this test are shown in Fig. 10. With the increasing load on the
grid during the peak hours of the day, the particular end-node
voltage has a decreasing trend. The charger does not respond
to the increasing loading in the distribution grid and maintains
drawing rated power.

In an attempt to mitigate this voltage drop and reduce
the loading on the distribution grid, the additive increase-
multiplicative decrease (AIMD) algorithm was implemented
into the converter controller [20]. Per AIMD, when a de-
creasing trend in grid voltage is detected, the converter will
automatically reduce its power consumption to compensate
for the increased feeder congestion. The controller compares
the grid voltage to a determined threshold value (V;;,) every
10 seconds (algorithm period, T,). This helps avoid very-
fast dynamic disturbances of nearby loads that might cause
throttling of the converter power if not filtered. If the grid volt-
age is below the threshold, the converter will multiplicatively
decrease its power consumption by scaling it down by 5 = 0.5;
and if the grid voltage is determined to be stable above the
threshold, it will additively increase its power consumption
by a = 100 W. Eventually, the charger will converge to an
average equilibrium charging power. The algorithm is shown
in Alg. 1. This algorithm is implemented with a TT DSP.

The AC/DC converter uses past grid voltage measurements
collected within the previous moving 1-min window (threshold
update period, T),) to dynamically update the threshold value
by assigning it to the minimum recorded voltage in this
window. A changing threshold allows the converter to adapt its
charging power to the changing loading conditions in the grid.
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Algorithm 1 Proposed AIMD

Parameter: Threshold update period: 7;, = 60s
Parameter: Algorithm period: T, = 10s
Input: Voltage meas. : V, = [V;(t —T},) - -- Vi(t)]
Compute: V;;, = mm(\Z) atevery t =T, X k,k e N
Parameter: Additive increase parameter: o; = 100W
Parameter: Multiplicative decrease parameter: 3; = 0.5
Input: Previous P consumption: P;(t)
Output: New P consumption: P;(¢t + 1)
Implement following at every t =T, x k,k € N :

1. if V;(t) > V4, then

3: else

5: end if
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Figure 11: System test results with AIMD.

This is critical for a decentralized controller as node voltages
vary based on location and other factors.

The full system was then retested with the AIMD algorithm
implemented, and the results are shown in Fig. 11 in RMS
form. In about 50 minutes of the constant power test, the
grid voltage had fallen to approximately 226 Vgprs with a
charging power of 10 kW. When the AIMD algorithm is used,
the grid node voltage only dropped to a minimum of about
229 Vgrums, but the charger was only able to operate at an
average power of 3.9 kW. This 61% drop in charging power is
significant, but was necessary to avoid congestion in the power
distribution grid. The algorithm ran without a considerable
extra taxation to the TI DSP closed-loop computation, proving
its easy implementation at the charger end-node.

V. CONCLUSION

In this paper, the design, modeling, and implementation of
a controller for a bidirectional AC/DC converter was studied.
The HIL environment was used to accelerate the controller
development and was tested without the risk of damaging
actual hardware. The HIL-based converter was integrated into
an external real-time grid simulator to study its impact on
the operation of a complex grid model. The entire system
was tested with the converter operating at constant rated
power and the drop in node voltage was observed. The AIMD
algorithm was then implemented in the converter controller as
a compromise between node voltage drop and charging power.

In the future, we plan to construct a hardware version of
this converter that will allow for high-power testing, accurate
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loss measurements, and analysis of the accuracy of the HIL
simulations. This converter will also be used in a real time
high-power grid testbed, which will allow the full operation of
the hardware to be validated and enable accurate experiments
of algorithms to optimize grid stability.
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