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Abstract. This paper presents the digital control of a novel single-phase
three-port bidirectional (STB) converter used to interface renewables from solar
photovoltaic (PV) panels and electric vehicles (EVs) with the power grid. Using
an appropriated power theory, the STB converter can be used to exchange ener-
gy between the PVs, the EVs and the power grid in four distinct modes: (1) The
EV receives energy from the power grid (G2V - grid-to-vehicle operation
mode) or delivers energy to the power grid (V2G - vehicle-to-grid operation
mode); (2) All the energy produced by the PV panels is delivery to the power
grid; (3) All the energy produced by the PV panels is delivery to the EV; (4)
The EV can receive energy simultaneously from the PV panels and from the
power grid (G2V). The currents of the power grid, PV panels and EV are con-
trolled through independent predictive current control strategies, which ensure
good power quality levels. This paper presents the architecture of the proposed
STB converter and the detailed explanation of the digital implementation of the
control algorithms, namely, the power theory and the predictive current control
strategies. The control algorithms were validated through computational simula-
tions and experimental results.

Keywords: Digital Control; Predictive Current Control; Three-Port Converter;
Renewables; Electric Vehicle; Power Grid.

1 Introduction

Nowadays, the electric vehicle (EV) is considered the main alternative to reduce the
energy consumption associated to the transport sector [1, 2]. Consequently, with the
EV introduction in power grids, new opportunities emerge for the EV users and for
the power grids towards smart grids [3, 4, 5, 6]. Some of these opportunities are relat-
ed with the grid-to-vehicle (G2V) and the vehicle-to-grid (V2G) operation modes. In
this context, a flexible infrastructure for dynamic power control of EV battery
chargers is presented in [7]. Taking into account the advances in microgeneration,
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Fig. 1. Proposed single-phase three-port bidirectional (STB) converter.

also emerge new opportunities to integrate the EV with renewables. For instance, a
study about the utility of the EV to help to stabilize the power grid voltage with a
large-scale renewable energy introduction is presented in [8], an energy management
strategy to integrate EV's and renewables is presented in [9], and an optimal dispatch
of EVs with renewables (wind power) is presented in [10]. Moreover, the integration
of EVs with renewables will allow mitigating the greenhouse gas emissions [11, 12].
Although there are collaborative control strategies to integrate EVs and renewables in
power grids, these systems are physically independents.

This paper proposes a novel single-phase three-port bidirectional (STB) converter
to interface renewables from solar photovoltaic (PV) panels and the EVs in power
grids. Fig. 1 presents the proposed STB converter. As it can be seen, it is composed
by an ac-dc stage to interface the power grid, a dc-dc stage to interface the EV, and
other dc-dc stage to interface the PV panels. Comparing with the traditional solutions,
the main advantage of the proposed solution is the possibility to charge the EV batter-
ies from the PV panels without the ac-dc stage. The three stages are connected to the
same dc-link, which is controlled by the ac-dc stage, and the current of each stage is
controlled through individual predictive current controllers.

2 Proposed Single-Phase Three-Port Bidirectional Converter

This section presents the proposed STB converter. As shown in Fig. 1, the ac-dc stage
is a full-bridge voltage-source converter, which is used to control the dc-link voltage
and to control the amplitude and phase of the power grid current. When the STB re-
ceives energy from the power grid, the grid current is in phase with the power grid
voltage. When the STB converter delivers energy to the power grid, the grid current is
in phase opposition with the power grid voltage. The voltage produced by the con-
verter (vea), 1.€., the voltage between the points x; and y; identified in Fig. 1, can as-
sume three distinct values. When the power grid voltage is positive, the voltage veq,
can be +vz or 0. When the IGBTSs s; and s4 are on and the IGBTs s and s; are off, the
voltage veqe 1s tva.. When the IGBTSs s; and s3 are on and the IGBTSs s and sy are off,



the voltage veq is 0. On the other hand, when the power grid voltage is negative, the
voltage veqe can be —v4 or 0. When the IGBTs s and s3 are on and the IGBTs s; and s4
are off, the voltage veqc is —va.. When the IGBTs s, and s, are on and the IGBTs s; and
s3 are off, the voltage veqc is 0.

As shown in Fig. 1, both dc-dc stages are composed by half-bridge voltage-source
converters. The dc-dc stage used o interface the EV can operate in bidirectional mode.
During the EV batteries charging process (G2V) it operates as a buck-type converter,
i.e., the IGBT s5 is always off. When the IGBT ss is on, the voltage produced by this
converter, veqes (i.€., the voltage between the points x» and y» identified in Fig. 1), is
Vae, and when the IGBT s5 is off the voltage veq; is 0. During the EV batteries dis-
charging process (V2QG) it operates as a boost-type converter, i.e., the IGBT ss is al-
ways off. When the IGBT s5 is on, the voltage produced by this converter (vea) is 0
and when the IGBT s is off the voltage veqer is vae. On the other hand, the dc-dc stage
used to interface the PV panels operates in unidirectional mode. When the IGBT s7 is
on, the voltage produced by this converter, v.q: (i.e., the voltage between the points x;3
and y;3 identified in Fig. 1), is 0, and when the IGBT s7 is off the voltage veqc2 1S Ve

3 Digital Control Algorithm Analysis

This section presents the detailed analysis of the digital control algorithm for both
ac-dc and dc-dc stages, which is implemented in the digital signal processor (DSP)
TMS320F28335 from Texas Instruments. Fig. 2 shows the digital control algorithm of
the STB converter and Fig. 3 shows the time required to perform the main tasks of the
digital control algorithm.

3.1 Power Theory

The power theory consists in determining the operation power of the STB converter.
From the point of view of the power grid, this operation power is defined by:

P =Vs g, (D

where Vg is the rms value of the power grid voltage and /g is the rms value of the grid
current. Taking into account that the STB converter should operate with unitary pow-
er factor, the grid current should be in phase with the power grid voltage, therefore, it
can be established that:

ig = GG vg ) (2)

where G¢ defines the STB converter as an conductance from the point of view of the
power grid. Rearranging (1) it can be established that:

P; = Gg V5°. 3)
Merging (2) and (3), the operation power can be defined by:

l
P, =2 V2
6=y, C 4)
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Fig. 2. Control algorithm of the proposed single-phase three-port bidirectional (STB) converter.

Predictive Current Control

AADCs PLL Power Theory (ac-dc stage) (dc-dc stage) (dc-dc stage)
690 s | 8200 | 2687 ns | 1707ns | 170705 | 17070s |
U
[£] [k+1]

Fig. 3. Time required to perform the main tasks of the digital control algorithm.

On the other hand, from the point of view of the dc-link, the operation power is de-
fined by the power to maintain the dc-link voltage regulated (Ppc), by the power of
the EV batteries (Pgar), and by the power of the PV panels (Pry), according to:

P — Ppc — Pgy — Ppy = 0. (5)

Merging (4) and (5), the final control law that defines the operation power of the
STB converter is established by:

i
9 ;2 . .
U_ V6™ — Poc — Vpatlpat — Upvlpy = 0, (6)
9
where Ppc is obtained from a PI controller, whose digital implementation is obtained
from:

mp[k] = kp(ac"[k] = Vac[kD) (7
my[k] = kifs(ac [kl = VaclkD + my[k — 1], ®)
Ppclk] = mp[k] +m,[k]. (€]

Vg4 represents the average value of the dc-link voltage during one cycle of the
power grid voltage (50 Hz). It is used v, instead of vg in order to avoid introducing



the dc-link voltage oscillation into the control. The discrete implementation is ob-
tained according to:

T
— 1
vacltl = 32 ) vaclnl. (10)
n=1

Using a sampling frequency of 20 kHz, M corresponds to 400 samples. The digital
implementation of the final control law is defined by:

g k]
VglK]
Nowadays, due to the nonlinear loads and the line impedance, the power grid volt-
age can have harmonic content. Therefore, instead of use the power grid voltage, it is

used a phase-locked loop (PLL) algorithm, where the output signal is proportional
only to the fundamental component (50 Hz) of the power grid voltage.

Ve?[k] — mplk] + m[k] = Vpar [K]ipar [k] — vy [K]ipy[k] = 0. an

3.2 Predictive Current Control

The grid current (ig), the EV battery charging current (is.), and the PV panels current
are controlled independently by predictive current controllers. The current reference
for the ac-dc stage is defined by equation (11), the current reference for the EV batter-
ies charging is defined by the battery management system (BMS), and the current
reference for the PV panels is obtained from a maximum power point tracking
(MPPT) algorithm. It is important to note that the BMS and the MPPT are not ex-
plained in detail, since they are out of the scope of this paper.

For the ac-dc stage, from Fig. 1, analyzing the voltages between the power grid and
the STB converter, it can be established that:

Vg = Vi1 = Veac1 = 0, (12)

where vy, vi; and ve.e are, respectively, the instantaneous values of the power grid
voltage, the inductance voltage, and the voltage between the points x; and y;. Substi-
tuting the inductance voltage, it can be established that:

Ug _Ll dt _vcacl = 0, (13)
where the current in the inductance (iz;) is the power grid current (ig). Using the for-
ward Euler method, equation (13) can be rewritten in terms of discrete samples as:

Ly, .
Vg[k] - Fs(lg[k +1] - lg[k]) — Veaer [K] =0, (14)

where the grid current in the instant [k+/] should be equal to the current reference in
the instant [k]. The current reference is obtained from (11). During each period
[k, k+1] the voltage v is updated and compared with a unipolar pulse-width modula-
tor (PWM) output in order to obtain the IGBTSs gate pulse patterns, i.e., to define the
state of the ac-dc stage. Considering that it is used a unipolar PWM, it is also used a
voltage (—veqe) symmetrical in relation to the horizontal middle of the PWM carrier.



For the dc-dc stage used to interface the VE, the current is analyzed for the G2V
and V2G operation modes. During the G2V operation mode, from Fig. 1, analyzing
the voltages between the STB converter and the dc-dc stage, it can be established that:

Vpat + V12 — Veger = 0, (15)

where vpa, vio and veqer are, respectively, the instantaneous values of the EV batteries
voltage, the inductance voltage, and the voltage between the points x, and y,. Know-
ing that the current in the inductance (ir») is the EV batteries current (ix.), substituting
the inductance voltage and using the forward Euler method, the discrete implementa-
tion of (15) results in:

L
Vae K] + - Cipaclk + 1] = ipae [k]) = veaca [k] = 0. (16)

where the EV batteries current in the instant [k+/] should be equal to the current ref-
erence in the instant [k]. On the other hand, during the V2G operation mode, from
Fig. 1, analyzing the voltages between the STB converter and the EV batteries, it can
be established that:

Upat — V12 ~ Veacr = 0, (17)
where the digital implementation results in:
Ly . .
Vpat[k] — T (ipaclk + 1] = ipae[K]) — Veaca[k] = 0. (18)
S

Taking into account that the current will follow in the opposite direction, in the
digital implementation the current iy.[k] represented in (18) should be —iyu[k]. For
both situations (G2V and V2Q), the voltage veqs is actualized and compared, during
each period [k, k+1], with a PWM, in order to obtain the IGBTSs gate pulse patterns of
the dc-dc stage used to interface the EV batteries.

For the dc-dc stage used to interface the PV panels, from Fig. 1, analyzing the volt-
ages between the STB converter and the PV panels, it can be established that:

Upv = V13 = Vedcz = 0, (19)
where the digital implementation results in:
Ly . .
Upv [k] — Fs (lpv [k+1] - Lpy [K]) — Veacz2[k] = 0. (20)

Also, for this stage, the voltage ve4> is updated and compared, during each period
[k, k+1], with a PWM, in order to obtain the IGBT gate pulse patterns of the dc-dc
stage used to interface the PV panels.

4 Simulations and Experimental Results

This section presents the main simulations and experimental results obtained to vali-
date the power theory and the predictive current control strategies of the proposed
STB converter. Fig. 4 shows some simulations results of the STB converter. Fig. 4(a)
shows the grid current (ig), as well as the digital grid current (iys) and the digital cur-



6.2 T T

. (a) ; iy k-1, k] i Tk, //c\+1] /\ /\
< 58 g /N 7/ \ i\ 77—\
Qg 5.4 '/\:/ //\\ 7 /\‘\‘:‘/’I/\\‘v’ k\\/l \VI i V é v
U 1 1

VYV LR ke O

N g k1K |
2 104 -\ N\ /\ /\ E
£ \\ / . \\ X \\ - \\ !
S 96 ‘ :
S \V e N 20k VU

. pard LK1 >( ¥

6.4 - : :
- (©) ip NN L 20 kHz X
< 56 B )
z h N/ /| /
§ 4.8 / / A y4 v 7 !
U 1 1

\/ \/i [k-1, k]\/ : \/ !
4.0 pvd
400
d) v(?ac]a’[k_]’ k] Vedela [k_]y k /\
g l/\\ — l/\\ » //},\\ [—l 2
%’ 200 / \ 4 / / \ \ 291
s N/ N/ N\ Y
0 Vccha’[k_]r k Vcacf'Zd[k_]’ k]
0.00200 0.00205 0.00210 0.00215 0.00220

Time (s)
Fig. 4. Simulation results of the STB converter: (a) Grid current (ig), digital grid current (iga),
and its reference (igs*); (b) EV batteries current (irar), digital EV batteries current (isaws) and its
reference (ivaa™); (c) PV panels current (ipv), digital PV panels current (ipw) and its reference
(ipva™); (d) PWM carrier and digital voltages produced by the ac-dc stage (veacrd[k-1, k] and
Veac2d[k-1, k]) and by both dc-dc stages (Vedera[k-1, k] and vedera[k-1, k).

rent reference (igs™). As it can be seen, due to the unipolar PWM the resulting fre-
quency of the grid current is 40 kHz and the current i q[k, k+1] is equal to the current
reference i,*[k-1, k]. Fig. 4(b) shows the EV batteries current (ip.), as well as the
digital EV batteries current (ipaq) and its reference (ipaa™). It is possible to observe
that the switching frequency is 20 kHz and the current isaa[ k-1, k] is practically equal
to the current reference ipaa™[k-1, k]. Fig. 4(c) shows the PV panels current (i), as
well as the digital PV panels current (i,) and its reference (ipe*). Also in this figure,
it is possible to observe that the switching frequency is 20 kHz and the current iy [k-
1, k] is practically equal to the current reference ip *[k-1, k]. Fig. 4(d) shows the
PWM carrier and the digital voltages produced by the ac-dc stage (Veacrdlk-1, k] and
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Fig. 5. Experimental results of the power grid voltage (vg), grid current (ig), and voltage pro-
duced by the converter (veac): (2) When the STB receives energy from the power grid; (b) When
the STB delivers energy to the power grid.
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Fig. 6. Experimental results: (a) Detail of the grid current (ig); (b) Relation between the grid
current and the power grid voltage (X-Y mode).

Veac2d[k-1, k]) and by both dc-dc stages (Vederdlk-1, k] and veaerdl k-1, k]). As expected,
the voltages Veacid k-1, k] and veac2d k-1, k] are symmetrical in relation to the horizontal
middle of the PWM carrier. Fig. 5(a) shows the power grid voltage (v,), the grid cur-
rent (ig), and the voltage produced by the converter (ve.c) when the STB converter
receives energy from the power grid. This experimental result was obtained with the
de-link voltage controlled for 370 V and for an operating power of 2.5 kW. Fig. 5(b)
shows the same variables, but when the STB converter delivers energy to the power
grid. This experimental result was obtained with the dc-link voltage controlled for
410 V and for an operating power of 2 kW. As it can be observed, in both cases, the
grid current is sinusoidal and the voltage produced by the STB converter can assume
three distinct values: —vqe, 0 or +va.. Fig. 6(a) shows the grid current (ig) in detail in
order to illustrate the current ripple (0.5 A) and the switching frequency (20 kHz).
Fig. 6(b) shows the grid current in function of the power grid voltage. The relation is
almost purely linear due to the power theory and the predictive current control.
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Fig. 7 shows the experimental results when the power produced by the PV panels
is used to charge the EV batteries, i.e., the ac-dc stage is used only to regulate the
dc-link voltage. Fig. 7(a) shows the EV batteries current (i») and the current in the
inductance L (iz2). During this operation mode the IGBT s5 is always off. When the
IGBT s5 is on the voltage produced by the converter is v and the inductance stores
energy. When the IGBT s; is off the voltage produced by the converter is 0 and the
inductance delivers energy. Fig. 7(b) shows the PV panels current (i) and the voltage
produced the converter (vea.2). When the IGBT s7 is on, the voltage produced by the
converter is 0 and the inductance stores energy. When the IGBT s is off, the voltage
produced by the converter is v4 and the inductance delivers energy.

5 Conclusions

This paper presents the digital control of a novel single-phase three-port bidirectional
(STB) converter. This converter is used to interface renewables from photovoltaic
(PV) panels and electric vehicles (EV) with the power grid taking into account power
quality issues. The principle of operation of the proposed STB converter is explained
in detail. Also, the digital control algorithms are explained in detail, including the
power theory and the predictive current control strategies to control the grid current,
the EV batteries charging current, and the PV panels current. The proposed STB con-
verter, as well as the digital control algorithm, were validated through simulations and
experimental results. For the ac-dc stage, the experimental results show that the grid
current is sinusoidal during the G2V and V2G operation modes, and that the voltage
produced by the STB converter can assume three distinct values: +vg, 0, —v4. There-
fore, it was possible to confirm the proper operation of the predictive current control
and the dc-link voltage control strategy. For both dc-dc stages, the experimental re-
sults show the proper operation of the predictive current control for controlling the PV
panels current (operation as boost type converter) and the EV batteries current (opera-
tion as buck type converter).



Acknowledgements

This work is supported by FCT with the reference project UID/EEA/04436/2013, by
FEDER funds through the COMPETE 2020 — Programa Operacional Competitividade
e Internacionalizagdo (POCI) with the reference project POCI-01-0145-FEDER-
006941. The PhD student Vitor Monteiro was supported by the doctoral scholarship
SFRH/BD/80155/2011 granted by the FCT agency.

References

10.

12.

. Dyke, K. J., Schofield, N., Barnes, M.: The Impact of Transport Electrification on Electri-

cal Networks. In IEEE Transactions on Industrial Electronics, vol.57, no.12, pp.3917-
3926, (2010).

Rajashekara, K.: Present Status and Future Trends in Electric Vehicle Propulsion Technol-
ogies. In IEEE Journal Emerging and Selected Topics in Power Electronics, vol.1, no.1,
pp.3-10, (2013).

. Monteiro, V., Pinto, J. G., Afonso, J. L.: Operation Modes for the Electric Vehicle in

Smart Grids and Smart Homes: Present and Proposed Modes. In IEEE Transactions on
Vehicular Technology, vol.65, no.3, pp.1007-1020, Mar. 2016.

. Gungor, V. C,, Sahin, D., Kocak, T., Ergut, S., Buccella, C., Cecati, C., Hancke, G. P.:

Smart Grid and Smart Homes - Key Players and Pilot Projects. In IEEE Industrial Elec-
tronics Magazine, vol.6, pp.18-34, (2012).

. Ferreira, J. C., Monteiro, V., Afonso, J. L.: Vehicle-to-Anything Application (V2Anything

App) for Electric Vehicles. In IEEE Transactions on Industrial Informatics, vol.10, no.3,
pp-1927-1937, (2014).

. Monteiro, V., Exposto, B., Ferreira, J. C., Afonso, J. L.: Improved Vehicle-to-Home

(iV2H) Operation Mode: Experimental Analysis of the Electric Vehicle as Off-Line UPS.
In IEEE Transactions on Smart Grid, 2016.

Monteiro, V., Carmo, J. P., Pinto, J. G., Afonso, J. L.: A Flexible Infrastructure for Dy-
namic Power Control of Electric Vehicle Battery Chargers. In IEEE Transactions on Ve-
hicular Technology, (2015).

Kempton, W., Tomic, J.: Vehicle-to-Grid Power Implementation: From Stabilizing the
Grid to Supporting Large-Scale Renewable Energy. In ELSEVIER Journal of Power
Sources, vol.144, pp.280-294, (2015).

Gao, S., Chau, K. T., Liu, C., Wu, D., Chan, C. C.: Integrated Energy Management of
Plug-in Electric Vehicles in Power Grid With Renewables. In IEEE Transactions on Ve-
hicular Technology, vol.63, no.7, pp.3019-3027, (2014).

Zhao, J. H., Wen, F., Dong, Z. Y., Xue, Y., Wong, K. P.: Optimal Dispatch of Electric Ve-
hicles and Wind Power Using Enhanced Particle Swarm Optimization. In IEEE Transac-
tions on Industrial Informatics, vol.8, no.4, pp.889-899, (2012).

. “Environmental Assessment of Plug-In Hybrid Electric Vehicles”. Electric Power Re-

search Institute and Natural Resources Defense Council, vol.1: Nationwide Greenhouse
Gas Emissions, (2007).

Saber, A. Y., Venayagamoorthy, G. K.: Plug-in Vehicles and Renewable Energy Sources
for Cost and Emission Reductions. In IEEE Transactions on Industrial Electronics, vol.58,
no.4, pp.1229-1238, (2011).



