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ABSTRACT

This paper proposes an advanced current controller for grid-connected bi-directional AC/DC
converters used for Energy Storage Systems (ESSs). The proposed control scheme is designed to combine
both the time-domain and frequency-domain properties to achieve better transient and steady-state
performance. The power electronic loads with a non-linear relationship between voltages and currents have
led to increasing current and voltage distortion in distribution systems. The Hybrid Partitioned Frequency-
Time domain approach is done using the solar and fuel cell. And across the battery just connecting one
electric vehicle, when it is in idle mode battery will provide the charge to grid under, and when it is in
running mode the battery will be disconnected. And while it is running and suddenly stopping at the time
we can provide regenerative braking. When the time slot of 0.4s, the vehicle is in idle mode and the battery
is connected to the system and after 0.4s, the vehicle starts running and battery will be disconnected from
grid. Torque stored in the winding or some machine will be fed back to battery.
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INTRODUCTION
Recent advancements in the application of digital control to power electronics has given
considerable momentum to global energy management [1]-[2]. These developments are turning smart
grids into a viable solution for future energy management. The efficient energy management of various
distributed energy sources is a promising solution to the future energy crisis. The intelligent energy
management of the aforementioned components is the key to the successful implementation of a smart
grid.
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Fig. 1: Energy storage units can complement solar energy by storing and releasing energy when  needed for
residential applications.
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In particular, the integration of roof-top solar panels and energy storage units is well-suited
towards residential applications. The required energy is needed mostly during mornings and evenings.
However, solar energy can be harvested only during the daytime (especially in the afternoon). This
mismatch reinforces the need for local energy storage units. Local energy storage units can effectively
store and release energy as required. Fig.2 shows a daily distribution of the energy demand for a typical
household. According to this figure, the energy storage unit is able to store energy during the day when the
harvested solar energy is at its peak and then release the energy in the morning and the evenings when
there is a higher energy demand. Bi-directional grid-connected AC/DC converters are a key component
used for interfacing energy storage units to the utility grid, and they are essential for the integration of
energy storage into future smart grids. An important feature of grid-connected DC distribution system is
the ability to inject or suck power from the grid based on the generation and loading conditions. In order to
do that, a controlled AC-DC/DC-AC converter that allows bidirectional power flow has been used. This
controlled converter is responsible for controlling the amount of power flow between the AC and the DC
grid.

Tracking a sinusoidal reference is challenging, as discussed in [4]-[5]. Conventionally, a fast
Proportional Integral (PI) controller has widely been used in this application[6]-[9]. PI-controllers can
handle tracking a DC reference due to their high gain at a frequency of zero. Since the grid frequency is
relatively low, Pl-controllers can produce a reasonably high gain at the grid frequency as well. Thus, a PI-
controller with a high bandwidth can technically be used for this application. However, very high gain PI-
controllers is marginally stable and still introduces some phase delay while tracking a sinusoidal signal. In
order to solve this issue, Proportional-Resonant (PR) controllers have been introduced[10]-[11]. For three-
phase systems, synchronous frame PI control with voltage feedforward can be used, but it usually requires
multiple frame transformations, and can be difficult to implement using a low-cost fixed-point digital
signal processor (DSP). Overcoming the computational burden and still achieving virtually similar
frequency response characteristics as a synchronous frame Pl controller, develops the P+resonant (PR)
controller for reference tracking in the stationary frame. Interestingly, the same control structure can also
be used for the precise control of a single-phase converter. PR controllers are equivalent to conventional
PI controller implemented in two synchronous rotating frames (positive sequence and negative sequence)
and hence able to track sinusoidal references with variable frequency of both positive and negative
sequences with zero steady state error. The transfer function of PR controller can be derived by using
internal control model with modified state transformation or frequency domain approach. In brief, the
basic functionality of the PR controller is to introduce an infinite gain at a selected resonant frequency for
eliminating steady state error at that frequency, and is therefore conceptually similar to an integrator
whose infinite DC gain forces the DC steady-state error to zero.

PROPOSED CLOSED LOOP CURRENT CONTROLLER FOR AC/DC
CONVERTER

The control system for the AC/DC converter is usually designed in the frequency-domain without
considering the dynamics of the converter in the time-domain. Normally, a PR-controller tuned to the
fundamental component as well as a harmonic compensator tuned to the harmonics is used to control the
AC/DC converter. Although this approach is very easy to design, it carries the difficulties explained in the
previous section.

This paper presents a current control technique, which combines the controller design in the time-
domain as well as the frequency-domain. Thus, the proposed control approach can offer a much better
transient and steady-state performance compared to the conventional control techniques. In the time
domain, the controller is developed using the converter dynamics, and in the frequency-domain the gain of
the compensator is adjusted such that there is a very high gain at the line frequency as well as the
harmonics.
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A. Time domain current controller

In this section, the design of the current controller in the time-domain is described. This design is
performed using the dynamics of the AC/DC converter. The dynamics of the converter in the time-
domain is given by:

dg _ 1, L

FrAC LgVBusU(t) 1)
dvpys _

dt CBUSIQ () VBUS (2)

Where u(t) = 2d(t) — 1 and d(t) is the duty ratio of the bridge output voltage and Re is the load seen
from the output capacitor.

Egs. (1)-(2) describe the nonlinear dynamics due to the coupling between the control input, u and
the state variables, ig and vsus. In order to design the closed-loop control system for these dynamics, the
singular perturbation control theory can be used [15]. Since the dynamics of the DC-bus voltage, vsus are
much slower than those of the grid current ig, the dynamics of the system can be divided into two
subsystems. The first subsystem represents the fast dynamics and includes the state variable with a much
higher rate of change, namely ig, and the second subsystem represents the slow dynamics, which includes
the slow state variable, namely vgus. This theory allows a typical nonlinear system to be broken down into
subsystems with different time scales. Since the internal control loop is much faster than the external
control loop, this theory can be applied to the closed-loop control system.

dvpys

e f(vBus, g, t) (3)
dig _ )
Mo = g(vaus, Ig, t) 4)
the singular limit, p = 0 , is used to obtain the following system,
2 = f(Veus, ig, 1 (5)
ig= @(VBus, 1) (6)

Where the second of these equations is the solution of g(vsus, ig, t). EQgs.(5)-(6) are called a
degenerate system. When p converges to zero, the solution of the system (3)- (4) tends to the solution of
the degenerate system if ig= @(vsus, t) is a stable root of the adjoined system u— = g(vaus, ig, 1).

In the AC/DC converter, the slow dynamics are described by (2) and the fast dynamics are
described by (1). Therefore, if the compensator designed for the fast dynamics is stable then the conditions
of Tikhonov’s theorem are satisfied, and in turn the dynamics can be treated separately. In order to design
a stable compensator, the grid current tracking error is defined by:

€t = Igref— Ig (7

The compensator must render this error zero while maintaining the stability of the closed-loop
control system. The following energy function is defined in order to design the current compensator in the
time domain:

Vi= % e’y (8)
The derivative of the energy function is given by:
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It should be noted that vsus can be considered constant to design the compensator according to
Tikhonov’s theorem. Thus, it is shown as vy in (9). According to (9), the time-domain compensator is
designed as:

u()) = —=—(vy = Ly =2 ke, ) (10)

VBus 9 at
The control law given by (10) guarantees the asymptotic convergence of the current error to zero.
In the digital implementation, the time-domain controller is given by:

() = —— (1, = Ly (")"'Wﬂ"‘”) (11)

vpys (n) g Ts

The time-domain controller is designed based on the dynamics of the system. Therefore, it has
more capability to improve the transient response compared to the PR-controller, which does not act with
awareness of the system dynamics.

B. Frequency-Domain Current Controller

In order to track a sinusoidal reference, the current controller should have a very high gain at the
frequency of the sinusoidal signal according to the Internal Model Principle (IMP) [14]. The coefficients
of the current control scheme are produced by the update laws. The update laws use the value of the
current error to make adjustments to the nominal coefficients such that the steady-state error is rendered
zero. The update laws for the current control scheme in this paper are given by:

G = Yae; sin(wyt) (12)
i) — YbE; Hill(_(#v'l t) (13)

Therefore, by using the bilinear transformation, the proposed frequency-domain control law in the
discrete domain is given by:

ur(n) = (n)—(n—2)+uf (n—1)"a(n)~uf (n—2)
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Fig. 2: Combined time-domain and frequency-domain closed loop current control system.

Fig. 2, the block diagram of the proposed closed-loop control system is presented. This figure
shows that the current controller combines the time-domain controller and the frequency-domain
controller in order to achieve optimal transient and steady-state performance. The frequency-domain
controller includes the advanced PR-controller, which provides a high gain at the line frequency. The
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advanced PR-controller does not require an extra Pl-controller, which is usually superimposed onto
conventional PR-controllers in order to eliminate the DC component of then error signal. This is due to the
fact that when the coefficient @(n) approaches 2, the advanced PR-controller is equivalent to a PI-
controller. Also, if the sampling frequency is high enough, the proposed advanced PR-controller
eliminates the need for a harmonic compensator. If the sampling frequency is high the a-coefficients of the
PR-controllers for the fundamental and harmonics are very close and the adaptive scheme covers the entire
bandwidth including the harmonics.

SIMULATION FOR THE PROPOSED SYSTEM

Fig.3 shows the simulation diagram for the proposed system using MATLAB Simulink
R2014a version by using different Sim power system components.

Fig.3: Proposed Simulation diagram

SIMULATION RESULTS

Simulation model is tested and fabricated using MATLAB R2014a software. And the snap
charts of input and output voltages are taken. These waveforms are shown in following figures. And
the harmonics for different frequencies are shown in Table-1.
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Fig.4: Transient performance of the proposed closed-loop current controller for a positive step in
the current reference signal .

Fig.5: Transient response of the proposed closed-loop current controller for a negative step in the
current reference signal.
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Fig.6: Transient performance of the electric vehicle voltage, speed and torque

Table 1
HARMONICS FOR THE DIFFERENT FREQUENCY

Harmonics For 49Hz For 50Hz
3" — Harmonic 0.84% 0.10%
5t _ Harmonic 0.43% 0.06%
7" — Harmonic 0.29% 0.04%
9" _ Harmonic 0.22% 0.03%

CONCLUSIONS

An advanced PR-controller is used as a current controller for a grid-connected AC/DC
converter. The advanced PR-controller is designing in both the time-domain and the frequency-domain. The
frequency-domain controller adaptively changes the co-efficient of the PR-controller based on the current
error to steer the error towards zero. The time-domain controller operates by minimizing the derivative of a
defined energy function. The advanced PR-controller is able to overcome the various challenges faced by
the conventional PR-controller, which cause steady-state errors in the tracking of the sinusoidal reference
for the grid current and impaired transient performance. Across the battery one electric vehicle is connected.
When the time slot of 0.4s, the vehicle is in idle mode and the battery is connected to the system and after
0.4s, the vehicle starts running and battery will be disconnected from grid. Torque stored in the winding or
some machine will be fed back to battery.
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