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Abstract: A nonlinear sliding-mode controller for a three-phase converter, utilized in plug-in electric
vehicles (PEVs), is proposed in this paper. The proposed controller enables the utilized converter
to perform multiple functions during different operating modes of the vehicle, i.e., grid-to-vehicle
(G2V) and vehicle-to-grid (V2G) modes. The bidirectional three-phase converter and the proposed
controller operate as a power factor correction circuit, bridgeless boost converter, and rectifier during
G2V mode (i.e., plug-in charging), and it operates as a conventional single-stage inverter during V2G
mode. The stability analysis of the proposed controller is performed by defining a proper Lyapunov
function. The functionality of the proposed nonlinear controller is first evaluated through simulation
studies. The feasibility and effectiveness of the proposed control strategy is then validated using an
industrial control card through a hardware-in-the-loop (HIL) experimental testbed.

Keywords: plug-in electric vehicle (PEV); sliding mode control (SMC); grid-to-vehicle (G2V);
vehicle-to-grid (V2G); battery charger; modeling; control; three-phase bidirectional power converter

1. Introduction

Plug-in electric vehicles (PEVs) offer a promising solution to the worldwide concerns of rapid
depletion of fossil fuel resources, environmental pollution, and the growing price of gasoline.
Moreover, large-scale integration of PEVs provides ancillary services to the grid such as balancing
load and generation, supporting the grid frequency and voltage profile, and eliminating transmission
congestion [1–6]. However, large-scale integration of PEVs into the grid will increase the demand
level and will affect the grid’s power quality by introducing harmonic distortions. Therefore, a highly
efficient bidirectional power electronics converter with high power factor and low total harmonic
distortion (THD) is necessary to facilitate seamless operation in both grid-to-vehicle (G2V) and
vehicle-to-grid (V2G) modes.

Utilizing bidirectional power converters for charging and discharging of the PEV’s battery with
the ultimate goal of achieving higher efficiency, improved power quality, higher power density, lower
THD, reduced switching losses, less number of components, and cost-effective operation has widely
been presented in the literature [7–16]. Different battery charger topologies and required infrastructures
for PEV chargers have been reviewed in [17–19]. All of the proposed PEV battery charging systems
can be broadly categorized in on-board and off-board chargers. Although, on-board chargers can
be used anywhere due to their integration within the vehicle, they have some limitations in power
range, weight, size, space, and the cost. Off-board chargers, on the other hand, offer higher power
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range in three levels (levels 1, 2, and 3) with less constraints of size and weight. Level 1 charging,
also known as slow charging, can be done by plugging the electric vehicle to a convenience outlet of
a private facility, while level 2 charging is utilized as the primary charging method for both private
and public facilities. Both level 1 and level 2 chargers are usually implemented using single-phase
unidirectional/bidirectional power electronic converters. However, the power level of integrated
single-phase chargers is limited [20]. Three-phase battery charges, on the other hand, can operate at
higher power levels and can fully charge EV battery packs in shorter time. Therefore, three-phase
converters are utilized to implement level 3 chargers, also known as fast chargers, which are normally
considered in public and commercial facilities. Three-phase chargers are bulkier and more expensive
compared to single-phase chargers. However, the size and weight of three-phase high-power chargers
can be significantly reduced by simplifying it to only a three-phase power electronics interface as a
three-phase integrated charger [21,22].

PEVs’ battery chargers can also be classified based on the number of power conversion stages
into two main groups of single-stage and two-stage converters. Two-stage battery charger consists of
a typical AC–DC converter in the first stage followed by an isolated bidirectional DC–DC converter
as the second stage. The first stage rectifies and regulates the grid’s AC voltage into the required
DC voltage level, and the second stage isolates the output from the DC-link and the grid [23–26].
Single-stage topologies, on the other hand, process the power in a multifunctional fashion only in
one power converter stage; therefore, they take advantage of lower number of components, which
makes them more cost effective [27]. Unlike single-stage topologies, two-stage battery charges suffer
from more complex controller and higher number of switches, which will in turn increase the cost
and switching losses. For example, the authors in [28] utilized total of 18 switches and diodes
along with a relatively complex controller. Similar complexity issue of the integration of 16 switches
can also be observed in the implementation of a switched capacitor converter proposed in [29].
Although the number of switching elements has been reduced in [30], it still has significantly complex
and computationally intensive controller due to interactions between six sub-controllers. Therefore,
minimizing the number of switching elements is absolutely crucial to improve the converter’s efficiency
as demonstrated in [31]. Furthermore, most of existing complex topologies of power electronics
technologies [32,33] have utilized different types of linearized mathematical models such averaged
model, small signal model, state-space model, and linearized transfer function model [34–37] in the
design process of the controllers. Variations in system parameters, unmodeled dynamics, and/or
oversimplification of the models by linearizing complex nonlinear systems can not only deteriorate the
performance of the controller specifically in practical applications and harsh industrial environments,
but it can also generate faulty conditions in which the stability of feedback control systems may be
compromised. Unlike these controllers, sliding-mode control technique is robust to measurement/shift
noises, modeling discrepancies, and variations in system parameters due to its natural robustness,
excellent dynamic response, capability for system order reduction, and feasibility of modeling nonlinear
power converters. Furthermore, sliding-mode controller is easier to implement with less computational
burden, which makes it a great choice for real-time practical controller.

To this end, we have employed the inherited nonlinear robust nature of the sliding-mode
control technique towards designing a precise and real-time hybrid feedback configuration in both
continuous and discrete modes to ensure the stability and high performance of our controller despite
the modeling discrepancies, variations in system parameters, disturbances and perturbations in harsh
industrial environments and practical applications. Therefore, our contribution is proposing a proper
three-dimensional sliding surface to design a stable, precise, and real-time practical controller that is
easier to implement with less computational burden using a simple basic three-phase power electronic
circuit to be used as an integrated PEV battery charger. The proposed three-dimensional nonlinear
sliding-mode controller is designed to enforce a pseudo-resistive behavior between input voltage
and current of each phase of the three-phase system. Single-stage topology of the utilized converter
along with the proposed controlled switching pattern minimizes the switching losses, which in turn
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increases the efficiency of the converter. The proposed control strategy and switching regime enable
the utilized bidirectional three-phase single-stage converter to perform multiple functions. When the
input resistance for each phase of the three-phase converter, as the controller’s set point, is set and
maintained to a positive value, the converter operates as a power factor correction circuit, bridgeless
boost converter and a rectifier during charging (G2V) mode. Similarly, for a negative desired input
resistance, the converter operates as a conventional single-stage inverter during discharging (V2G)
mode. The proposed controller and switching regime guarantee that the power factor of proposed
system is maintained at unity in both G2V and V2G modes. To formulate the stability condition
of the proposed nonlinear controller along with the utilized bidirectional three-phase single-stage
converter, a Lyapunov function is proposed and employed. For brevity, isolation transformers or
power electronic interfaces for the input and output stages of the utilized converter are not considered
in the proposed system model. Moreover, the grid synchronization and interaction among PEVs are
excluded in this work.

The rest of this paper is organized as follows. In Section 2, the principle operation of the
three-phase converter and its dynamic model is presented for both charging and discharging modes.
The proposed nonlinear control strategy is described in Section 3. Further, the stability analysis
of the proposed controller using a Lyapunov function is presented in this section. In Section 4,
the simulation and experimental results are presented, which validate the effectiveness and feasibility
of the proposed nonlinear control strategy and switching regime when applied to a bidirectioanl
three-phase single-stage battery charger. Finally, conclusions are drawn in Section 5.

2. Operation Principle and Dynamic Model of the Bidirectional Three-Phase Converter

Figure 1 illustrates the bidirectional three-phase single-stage converter utilized in this study. It is
assumed that the top level switches, i.e, Qa,top, Qb,top, and Qc,top are switching on/off with the control
signals ua, ub, and uc, respectively, generated by the proposed nonlinear controller. The bottom level
switches, i.e., Qa,bot, Qb,bot, and Qc,bot are switched on/off according to the status of the corresponding
top level switches. In other words, when one of the top level switches is turned on, the corresponding
bottom level switch is turned off and vice versa. Therefore, there are total of eight individual
switching modes as summarized in Table 1. As it is shown in this table, when the control signal
is “1”, the corresponding top level switch is on, and when the control signal is “−1”, the corresponding
switch from top level of the converter is off. To find the complete dynamic model of the utilized
converter, the dynamics of the circuit for all different modes of operation should be derived. Figure 2
illustrates the operation Mode 1 and all other modes of operation are not shown here for brevity. Using
the Kirchhoff’s circuit laws, we have

dia(t)
dt = 1

3L (2va(t)− vb(t)− vc(t))− 2
3L VB,

dib(t)
dt = 1

3L (−va(t) + 2vb(t)− vc(t)) + 1
3L VB,

dic(t)
dt = 1

3L (−va(t)− vb(t) + 2vc(t)) + 1
3L VB,

(1)

where va(t), vb(t), and vc(t) are the phase voltages; ia(t), ib(t), and ic(t) represent the phase currents;
and VB indicates the battery voltage. Moreover, L represents the inductor value for each phase, which is
assumed to be the same for all three phases. For brevity, the argument t for all parameters is dropped
in the rest of this paper. Similar dynamic model can be derived for Mode 6 of operation, in which only
the sign of last term in each equation presented in (1) has been changed as

dia
dt = 1

3L (2va − vb − vc) +
2

3L VB,
dib
dt = 1

3L (−va + 2vb − vc)− 1
3L VB,

dic
dt = 1

3L (−va − vb + 2vc)− 1
3L VB.

(2)



Energies 2020, 13, 2591 4 of 19

Figure 1. Bidirectional three-phase single-stage converter.

Figure 2. Mode 1 of operation.

Table 1. Switching arrangements in different modes of operation.

Mode Qc,top Qb,top Qa,top uc(t) ub(t) ua(t)

0 OFF OFF OFF −1 −1 −1

1 OFF OFF ON −1 −1 1

2 OFF ON OFF −1 1 −1

3 OFF ON ON −1 1 1

4 ON OFF OFF 1 −1 −1

5 ON OFF ON 1 −1 1

6 ON ON OFF 1 1 −1

7 ON ON ON 1 1 1

Similarly, the dynamics of the circuit for operation Modes 2 and 5 are obtained as
dia
dt = 1

3L (2va − vb − vc)∓ 1
3L VB,

dib
dt = 1

3L (−va + 2vb − vc)± 2
3L VB,

dic
dt = 1

3L (−va − vb + 2vc)∓ 1
3L VB,

(3)
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where the upper signs of last term in each equation are for Mode 5. The dynamic models of the
converter operating in Modes 3 and 4 can be also found as

dia
dt = 1

3L (2va − vb − vc ± 1
3L VB,

dib
dt = 1

3L (−va + 2vb − vc)± 1
3L VB,

dic
dt = 1

3L (−va − vb + 2vc)∓ 2
3L VB,

(4)

where the upper signs of last term in each equation are for Mode 4. Finally, for Modes 0 and 7, we have
dia
dt = 1

3L (2va − vb − vc),
dib
dt = 1

3L (−va + 2vb − vc),
dic
dt = 1

3L (−va − vb + 2vc).

(5)

To find the closed form overall dynamic model of the utilized bidirectional three-phase single-stage
converter for all modes of operation, (1)–(5) can be combined as

dia
dt = 1

3L (2va − vb − vc)− 1
6L (2ua − ub − uc)VB,

dib
dt = 1

3L (−va + 2vb − vc)− 1
6L (−ua + 2ub − uc)VB,

dic
dt = 1

3L (−va − vb + 2vc)− 1
6L (−ua − ub + 2uc)VB,

(6)

which can be further simplified in vector model format as [38]

d
dt

i =
1

3L
Kv− VB

6L
Ku, (7)

where i = [ia ib ic]T , v = [va vb vc]T , u = [ua ub uc]T and K=

 2 −1 −1
−1 2 −1
−1 −1 2

.

The overall dynamic model of the converter derived in Equation (7) is then utilized in the proposed
controller to enforce a positive or negative pseudo-resistance at the input terminals of the converter to
facilitate charging or discharging modes, respectively.

3. Nonlinear Sliding-Mode Controller

In this section, we present the proposed nonlinear sliding-mode control strategy, which is applied
to the bidirectional three-phase single-stage converter, whose dynamic model was derived earlier in
Section 2 , as a PEV battery charger to facilitate both charging and discharging scenarios. The proposed
nonlinear sliding-mode controller keeps the input voltage and current of each phase in the same
phase in a way that the converter together with the battery could be seen as a three-phase resistive
load. Therefore, the proposed controller sets and maintains a positive or negative desired resistance
in real-time at the input terminals of the converter. Although the value of the desired resistance is
calculated based on the circuit’s components, the sign of desired resistance specifies the direction of
power flow either from grid to the battery (G2V) in charging mode when Rd > 0 or from the PEV’s
battery to the utility grid (V2G) in discharging mode when Rd < 0 as illustrated in Figure 3. Regulating
and control of desired pseudo-resistance between the input voltage and current of each phase will
result in lower harmonics and higher power factor.
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Figure 3. The equivalent resistive model of the proposed system.

Referring to Figure 3, the control goal can be redefined as regulating the input current of each
phase compared to the corresponding phase voltage. In other words, based on the desired input
resistance, Rd, the corresponding desired current for each phase can be calculated as

id =
1

Rd + r
v, (8)

where r is the internal resistance of the inductor for each phase and id = [ida , idb
, idc ]

T denotes the
vector of desired current including all three phases.

The sliding surface, s, for the proposed sliding-mode controller is then defined as

σ = i− id, (9)

where σ = [σa, σb, σc]T represents the tracking error vector, which should converge to zero using the
proposed control strategy. To do so, the control signal, u, for the proposed sliding-mode controller is
defined as

u = sign(σ). (10)

For a three-phase system, the current of each phase is dependant on the current of the other two
phases, i.e., ia + ib + ic = 0. Therefore,

uc =

{
−ua |σa| ≥ |σb|
−ub |σa| < |σb|

(11)

Given the dependencies of the phase currents, it should be noted that the switching arrangement
presented on the first and last rows of Table 1, which makes the gain matrix K singular, does not take
place in the system operation.
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To analyze the stability of the proposed sliding-mode control strategy, we define the positive
definite function, V, as follows [39],

V =
1
2

σTσ. (12)

The derivative of V in time domain is then obtained as follows

V̇ = σT σ̇ = σT
(

1
3L

Kv− VB
6L

Ku− 1
Rd + r

v̇
)

. (13)

Let us define

ψ =
1

3L
Kv− 1

Rd + r
v̇ +

VB
6L

J3u, (14)

where ψ = [ψa, ψb, ψc]T and J3 is a 3× 3 all-ones matrix. Substituting (14) into (13), we have

V̇ = σTψ− VB
2L

σTu, (15)

which should be negative to guarantee convergence of the proposed controller and stable operation.
The phase voltage vector, v, can be replaced by v = As(ω), where s(ω) =[

sin ωt, sin (ωt− 2π
3 ), sin (ωt + 2π

3 )
]T

, ω is the grid frequency, and A is the grid voltage. The time
derivative of the input voltage can be then written as follows

v̇ = Aωc(ω), (16)

where c(ω) =
[
cos ωt, cos (ωt− 2π

3 ), cos (ωt + 2π
3 )
]T

. Therefore, Equation (14) can be rewritten as

ψ =
A
3L

Ks(ω)− Aω

Rd + r
c(ω) +

VB
6L

J3u. (17)

Using Equation (17), the value of ψ for phase-a can be derived as follows

ψa =
A
3L

(
2 sin ωt− sin (ωt− 2π

3
)− sin (ωt +

2π

3
)

)
− Aω

Rd + r
cos ωt +

VB
6L

(ua + ub + uc), (18)

which can be rearranged as

ψa =
−A
3L

(
sin ωt + sin (ωt− 2π

3
) + sin (ωt +

2π

3
)

)
+

A
L

sin ωt− Aω

Rd + r
cos ωt +

VB
6L

(ua + ub + uc). (19)

The first part of (19) is zero, therefore, it can be further simplified as

ψa =
A
L

sin ωt− Aω

Rd + r
cos ωt +

VB
6L

(ua + ub + uc). (20)

The value of ψ for the other two phases, i.e., ψb and ψc, can be similarly derived. Therefore,
using (20), ψ for all three phases presented in (17), it can be written in vector format as

ψ =
A
L

s(ω)− Aω

Rd + r
c(ω) +

VB
6L

J3u. (21)
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Knowing

a cos x + b sin x =
√

a2 + b2 cos
(

x− tan−1 b
a

)
, (22)

and utilizing it in (21), we have

ψ̂ =
VB
6L

+

√(
A
L

)2
+

(
Aω

Rd + r

)2
, (23)

where ψ̂ = max(ψ) for each phase.
Integrating the previous results to establish the stability condition results in

V̇ ≤ −
(

VB
2L
− ψ̂

)√
2V. (24)

To make the sliding surface an attractive manifold, i.e., V̇ < 0, the following inequality should
exist between the input voltage amplitudes, desired resistances, and circuit parameters,√(

A
L

)2
+

(
Aω

Rd + r

)2
<

VB
3L

. (25)

Equation (25) guarantees existence of the conditions for zero tracking error and stable operation
of the proposed system, when suitable battery size is selected.

A boundary for the desired input resistance of each phase, Rd, can be found based on the circuit
components, such as inductance of each phase L and battery voltage VB, as follows

|Rd| ≥
3AωL√
V2

B − 9A2
, (26)

where the internal resistance of the inductor for each phase, r, is ignored.
To avoid chattering in the area near or surrounding the operating point, which is a well-known

issue of sliding-mode controller, a deadband function is implemented into the control strategy as
shown in Figure 4. Utilizing this function, the controller will not change the control signal when the
error is within the predefined boundary, which will in turn improve the performance and the speed of
the sliding-mode controller.

Figure 4. The block diagram of the proposed controller.

4. Numerical and Experimental Studies

The proposed three-dimensional nonlinear sliding-mode controller is applied to a three-phase
converter testbed implemented in PSIM environment. The value of inductor for each phase is
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considered to be 0.01 H, the output capacitor is chosen to be 100 µF, and a lithium-ion battery with
a rated voltage of 600 V, representing the PEV’s battery, is utilized in this testbed. The battery is
connected to the utility grid with the frequency of 60 Hz and the voltage of 120 Vrms. The switching
frequency is set to 10 kHz.

Figures 5 and 6 show the simulation results with the desired input resistance of 10 Ω and −10 Ω,
respectively. It is evident from these figures that when the desired input resistance is positive, the power
is transferred from the grid into the battery with unity power factor facilitating G2V mode of operation,
in which PEV battery is charged. Similarly, for the negative input resistance of −10 Ω, the power
is transferred from the PEV battery into the grid facilitating V2G or discharging mode of operation.
Moreover, the battery’s state-of-charge (SOC) illustrated in Figures 5c and 6c confirm charging and
discharging functionality of the proposed system.

Figure 7 demonstrates that the proposed control strategy can rapidly and accurately respond to a
sudden change in the mode of operation. The system is operated in discharging mode for the first 0.1 s,
when the desired input resistance of the converter is set to −10 Ω. At the time t = 0.1 s, the desired
input resistance is changed to 10 Ω and the controller smoothly follows this sudden change in the
mode of operation.

To investigate the effectiveness of the proposed control strategy in current harmonic reduction,
THD was calculated for one phase (phase a) as 5.56%, 6.64%, and 5.52% in charging, discharging,
and step change from discharging to charging modes, respectively, which meet the IEC 61000-3-12
current harmonic limits.

To further evaluate the performance of the proposed controller experimentally, the proposed
system is implemented on a hardware-in-the-loop (HIL) testbed as shown in Figure 8. The testbed
includes a Typhoon HIL602 real-time power electronics emulator, which allows us to emulate the power
stage with up to 2 MHz update rate and test the controller with 20ns PWM resolution. The power stage
including the bidirectional three-phase converter and high power level battery are built in Typhoon HIL
emulator environment. It is then connected to host PC via Ethernet or USB2.0, where identical power
stage along with the proposed sliding-mode controller have been developed in PSIM environment.
The controller developed in PSIM is then flashed onto the industrial TI TMS320F28335 control card
using code composer studio (CCS). The control card captures the input voltage/current and desired
input resistance of each phase in real-time. Based on the captured voltage and current of each phase
and desired input resistance, the nonlinear sliding mode controller implemented in TI control card then
generates and sends back the pulse width modulated (PWM) gate control signals to all six switches
of the converter developed on the HIL system. For clarity, the captured input voltage and current
waveforms of each phase of the utilized system in the HIL testbed are drawn in MATLAB.

Figure 9 shows the experimental results in charging mode when Rd = 10 Ω. Similarly,
experimental results for discharging mode with Rd = −10 Ω are shown in Figure 10. Moreover,
Figure 11 depicts the experimental results in the presence of sudden change of the controller set point
from a negative to a positive value for the desired input resistance at t = 0.1 s. From these figures, it is
evident that experimental results closely match the simulation results and the theoretical modeling
and analysis. Furthermore, it is shown that the controller can accurately provide the desired resistance
in real-time even after a sudden change of operation mode from discharging to charging.
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(a)

(b)

(c)

Figure 5. Simulation results for Rd = 10 Ω. (a) The voltage of Phase-a and its current multiplied by Rd.
(b) The input voltage and current of each phase. (c) The battery state-of-charge (SOC).
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(a)

(b)

(c)

Figure 6. Simulation results for Rd = −10 Ω. (a) The voltage of Phase-a and its current multiplied by
Rd. (b) The input voltage and current of each phase. (c) The battery SOC.
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(a)

(b)

(c)

Figure 7. Simulation results for a sudden change in the mode of operation from discharging when
Rd = −10 Ω to charging mode when Rd = 10 Ω. (a) The voltage of Phase-a and its current multiplied
by Rd. (b) The input voltage and current of each phase. (c) The battery SOC.
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(a)

(b)

(c)

Figure 8. Experimental Set-up: (a) Set-up overview. (b) TI TMS320F28335 control card and oscilloscope
showing input voltage and current of phase-a with step change in desired resistance from −10 Ω to
10 Ω. (c) PSIM interface and implemented power stage on the hardware-in-the-loop (HIL) system.
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Figure 9. Experimental results for Rd = 10 Ω. (a) The voltage of Phase-a and its current multiplied by
Rd. (b) The input voltage and current of each phase.
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Figure 10. Experimental results for Rd = −10 Ω. (a) The voltage of Phase-a and its current multiplied
by Rd. (b) The input voltage and current of each phase.
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Figure 11. Experimental results for a sudden change in the mode of operation from discharging when
Rd = −10 Ω to charging mode when Rd = 10 Ω. (a) The voltage of Phase-a and its current multiplied
by Rd. (b) The input voltage and current of each phase.
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5. Conclusions

In this paper, a nonlinear sliding-mode control strategy was proposed for a three-phase converter
as a PEV battery charger for bidirectional power flow from and to the utility grid. The proposed
nonlinear sliding-mode controller sets and regulates a resistive relationship between the input voltage
and current of each phase of the system in real-time. Furthermore, the stability condition of the
proposed controller was formulated using a Lyapunov function. The presented simulation and
experimental results validated the feasibility and effectiveness of the proposed controller in all modes
of operation, i.e., charging, discharging, and sudden changes from one mode to the other mode.
The bidirectional functionality of the utilized converter enabled by the proposed control strategy,
specifically in V2G mode, allows the grid operator to take advantage of PEVs’ ancillary services for the
grid voltage and frequency regulation. This is very critical more specifically in islanded power grid,
which is the subject of our future research.
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