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Abstract—A novel control strategy for single-phase current-
source inverters connected to an ac grid is proposed in this pa-
per. The control strategy aims to inject maximum power to the
grid under transient and steady-state conditions by the tracking
of sinusoidal references. This paper presents the modeling and the
design of the control strategy based on the exact linearization of
the inverter model. Results are obtained by computational simu-
lation and validated experimentally. By using error performance
indexes in the analysis of the results, it is demonstrated that the
proposed controllers achieve correct tracking of the sinusoidal ref-
erence while keeping a low switching frequency, which helps to
minimize the commutation losses.

Index Terms—Current-source inverter (CSI), dc—ac power con-
version, grid-connected inverters, nonlinear control strategies.

I. INTRODUCTION

OWADAYS, single-phase inverters are widely used in res-
N idential renewable energy systems due to the single-phase
nature of residential electrical grids. However, it is also possible
to find single-phase inverters in three-phase industrial applica-
tions, for example, in the form of the so-called power cells in
modular or multicell topologies [1]. Although single-phase in-
verters can be found in different applications, recent advances
and development efforts have been concentrated in distributed
generation systems involving transformer-less inverters for bidi-
rectional power injection into ac grids [2].
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In order to inject power into an ac grid, it is possible to use dif-
ferent single-phase inverter topologies, for instance, the voltage
source (VSI) [3]-[6], the quasi-impedance and/or impedance
source [7]-[10], and the current source (CSI) [11]-[14]. Several
control schemes that aim to manage the injection or absorption
of energy from the ac grid have been proposed in the literature
to correctly operate these topologies. However, most of the pro-
posed strategies are for voltage-source converters and, therefore,
do not give much importance to efficiency into their operation.

In the case of CSIs, both control and efficiency are important
issues. The single-phase CSI (SP-CSI) is a topology that has
been less explored—than the voltage-source topology—for its
use in applications that require supplying single-phase loads or
power injection into the ac grids [11], [15], [16]. When com-
pared to other—most popular—topologies, one of the biggest
disadvantages of CSIs is their greater conduction losses due
to the high levels of current they manage [17], [18]. In this
regard, the emergence of new wide-bandgap semiconductors
and its promise to considerably reduce conduction losses [19],
[20] makes to reconsider the use of CSIs as an attractive power
conversion topology.

As mentioned above, for CSIs to appear as a competitive
alternative, conduction losses have to be reduced, but switching
losses too. However, most of the well-known control strategies
that are widely used in power electronics entail high and/or
variable commutation frequencies that increase the losses
considerably, e.g., sliding mode control based techniques [21],
finite-states model-based predictive control, and space vector
modulation that consider low modulation indexes [22]-[25].
Therefore, to achieve further improvements in the efficiency of
CSlIs, it is necessary to count with control strategies that achieve
zero error in steady state while maintaining low switching
frequencies [25], [26].

For single-phase inverters, there are two known and proved
strategies that allow to propose control schemes that can operate
with low switching frequencies and at the same time to achieve
zero steady-state error; 1) PI control strategies based on syn-
chronous DQ reference frame [27], and 2) sinusoidal tracking
strategies based on different PWM control methods [24], [27],
[28]. Control strategies based on single-phase synchronous DQ
reference frame allow to define the single-phase ac variables in

See http://www.ieee.org/publications_standards/publications/rights/index.html tor more intormation.
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Fig. 1.
power, and (c) inverter output and grid voltage for low level of injected power.

its d and g components that reach constant values in steady state,
allowing the use of PI controllers. However, to apply the Park
transformation to single-phase variables, it is necessary to syn-
thetize an imaginary component for each single-phase variable,
which typically is the same variable delayed by 90°. This tech-
nique presents two major drawbacks: 1) each d and ¢ variable
will have an inherent delay of 90° due to the delay introduced
by the imaginary component in the ac stage, and 2) the resultant
control scheme will have the double of the controllers needed to
control the ac variables due to their decomposition into d- and
g-axis [14], [27]. On the other hand, sinusoidal tracking strate-
gies directly control the ac variables that need to be controlled,
without having to convert them to another domain [24], [27],
[28]. For grid-connected single-phase inverters, the dynamics
achieved with sinusoidal tracking strategies are much faster
than the ones achieved with DQ-based techniques; neverthe-
less, they typically produce high and/or variable commutation
frequencies [24], [29]. Thus, the main challenge when using
sinusoidal tracking strategies is to achieve fast dynamic perfor-
mance while keeping the commutation frequency low [30]-[33].
To design a suitable control strategy that addresses this issue is
the major motivation of this paper.

This paper presents a novel control strategy that combines
the exact linearization of the SP-CSI and the use of linear con-
trollers for tracking a sinusoidal reference of the inverter output
voltage in the ac domain. Two controllers will be analyzed and
their performances compared a proportional (P) controller and
a proportional-resonant (PR) controller. Both alternatives are
simple to implement, achieve low switching frequencies, and
fast dynamic response of the single-phase variables, which is
especially useful when rapid changes are required in the output
power of SP-CSIs. A clear example of the latter application is
when CSI are utilized for dynamic frequency control or as grid
interfaces in energy storage systems [14], [34].

This paper is organized as follows: Section II gives a brief
introduction to the case of CSIs connected to a single-phase ac
grid; Section III presents different ways to generate sinusoidal
references to inject power from the inverter to a stiff ac grid;
Section IV presents control strategies for the output voltage of
SP-CSI, which are the result of the exact linearization of the in-
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SP-CSI connected to the grid and associated voltage waveforms: (a) converter topology, (b) inverter output and grid voltage for high level of injected

verter model; Section V includes different simulation results for
the SP-CSI controlled by the proposed strategies and Section VI
presents the experimental results of a low-power prototype; fi-
nally, the conclusions of this work are depicted in Section VII.

II. SP-CSIs CONNECTED TO AN AC GRID

An SP-CSI can be directly connected to a single-phase grid
through a second-order capacitive—inductive filter, as shown in
Fig. 1.

Discrete circuit elements designated as L and rj represent
components of the output filter or may also correspond to the
equivalent inductance and resistance of the ac line, and v, is the
grid voltage. If nominal output voltage and maximum output
power are desired, a phase angle )—also known as the power
angle—between the inverter and grid voltages of 90° is required,
as shown in Fig. 1(b). Consequently, in order to inject less power
for the same output voltage, the power angle ¢ should be smaller,
as is it shown in Fig. 1(c). In both cases, the output voltage will
present a distortion that depends on the size of the output filter
capacitor and on the level of injected power, where the higher
the power injected by the inverter, the more the distortion its
output voltage presents [35].

The output voltage of the SP-CSI shown in Fig. 1(a) can be
described with the following equation:

2 - & (Sacive 1) ()
where v, is the output voltage of the inverter, C, is the capacitor
connected to the inverter’s output terminals, Sac corresponds
to the switching function of the inverter, ipc is the dc input
current to the inverter, and ¢, is the output current injected to
the ac line.

If the inverter is connected to a stiff grid, as shown in Fig. 1(a),
it is possible to write the equation of the connected system as

dir, 1

E:Z(UO_TLZL_US) 2)

where L is the total line inductance between the inverter and
the grid, r1, is the equivalent line resistance and v, is the volt-
age imposed by the stiff grid. From (2), it can be noted that by
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(b) output voltage of the SP-CSI.

controlling the output voltage v, of the inverter it is possible
to modify the effective value of the current ¢;. which, in turn,
determines the power injected into the grid. The following sec-
tion explains in detail the use of sinusoidal tracking strategies to
control the power injected by the inverter, either by controlling
the output voltage or the output current.

III. SINUSOIDAL REFERENCES FOR A MAXIMUM POWER
INJECTED FROM THE SINGLE-PHASE INVERTERS

In single-phase grids, there are two manners of controlling
the power injected by inverters: 1) by adjusting the magnitude
and phase of the current 7, injected by the inverter, and 2) by
adjusting the magnitude and phase of the injected voltage with
respect to the grid voltage v, [35]. These two methods will be
explained in the following sections. For the analysis, nominal
quantities of voltage V*°™, and current I}7°™ will be used in the
equations, which are calculated as follows:

"/;IIOIH
\/r3 o+ (wL)2

A. Control of the Output Current iy,

nom __
IL —_

3)

In this case, it is necessary to generate an instantaneous cur-
rent ¢; with an effective value I}, and a phase angle ¢, that
corresponds to the angle between the grid voltage and the in-
jected current iy, . If the effective value /1, and phase angle ¢ of
the current are controlled, it will be possible to indirectly control
the output power of the inverter. Since the grid is considered to
be stiff, the effective value Vs of the grid voltage will be prac-
tically a constant and the power injected by the inverter can be
written as:

P, = VgIycos (¢). 4)

By a simple inspection of (4), it is possible to find that the
injected power is maximum when the phase angle is zero (cos
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Output power and voltage of the SP-CSI as a function of the effective value of output current /1, and phase angle ¢: (a) output power of the SP-CSI and
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Fig. 3. Block diagram of the current reference generation subsystem.

(¢) = 1). Fig. 2(a) shows the plot of the power P, as a function
of the magnitude I, and angle ¢.

By controlling the output current of the inverter, its output
voltage V, results in an uncontrolled variable that basically
depends on the current imposed by the inverter, the grid voltage,
and the line impedance in the following way:

(IL\/T% + (wL)? cos (atan (%) +¢é)+ VS>
+ (IL\/T% + (wL)? sin (atan (%) + (b))
(5

where r1, and L are parameters of the ac line and w is the grid
angular frequency. If this voltage is plotted as a function of
the effective value of current I; and the phase angle ¢ [see
Fig. 2(b)], it is possible to observe that for a nominal current
value I;, = I}°™, anominal voltage of equal magnitude than the
nominal voltage of the grid is obtained. In addition, it is possible
to see that for the nominal current and a phase angle ¢ = 7/2, the
output voltage in the inverter is zero. The latter allows defining
a secure operation point with zero power injection and zero

voltage, for a nominal current value in the system.

2

Vo

B. Generating a Sinusoidal Current Reference for a Desired
Output Power

In order to control the output power by means of controlling
the inverter output current 77, a sinusoidal reference for the
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current has to be generated and a tracking control scheme has
to be proposed. Given a desired output power, the reference
current is defined by (4) with a phase angle ¢ equal to zero
for a maximum power. Fig. 3 depicts the block diagram for the
generation of the current reference.

As we can see from Fig. 3, the block in charge of producing
the reference current must considerate a phase-lock loop that
generates a synchronized signal in phase with the grid voltage. If
proper synchronization is assumed, the amplitude of the desired
current is just the division between the desired power and the
nominal effective voltage of the grid.

C. Control of the Output Voltage v,

If the inverter output power is indirectly controlled by man-
aging the magnitude of the output voltage (V,) and the phase
angle § with respect to the grid voltage (which is also known as
power angle), it is possible to find that the power delivered to

the grid is described by
) (50)
— atan .
(6)

L
In this case, the output current /7, is a noncontrolled variable
and its value will be determined by the output voltage and the
impedance of the ac line in the following way:

V,sin (9)

P, =VsI tan [ — 2~/
s11,COS (a an(‘/oCOS ((5)—‘/5

(V,cos (8) — Vs)* 4 (V,sin (5))2.

I; = -
g r? + (wL)?

(N

If the output power given in (6) is plotted against the out-
put voltage imposed by the inverter and the power angle, it is
possible to find that for any specific output voltage, the power
injected by the inverter is maximum when the power angle ¢ is
90°, as shown in Fig. 4(a).

If the output current is plotted as a function of the effective
output voltage imposed by the inverter and the power angle [see
Fig. 4(b)], it can be noticed that for a nominal output voltage
(equal to the grid voltage) and a power angle equal to zero, the
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Output power and current of the SP-CSI as a function of the effective value V,, and power angle ¢: (a) output power of the SP-CSI and (b) output current
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Fig. 5. Generation of the reference for the inverter output voltage.

output current /1, is zero. This allows defining a secure operation
point with zero power injection.

D. Generating a Sinusoidal Voltage Reference for a Desired
Output Power

If the output power is controlled by means of the output volt-
age of the inverter, now a voltage reference has to be generated.
By neglecting the resistive part of the ac line, i.e., considering it
as an inductive line, it is possible to simplify (6) and define the
output active power as

VSXZ: sin (0) .

0 =

®)

From this equation, it can be noted that if the output voltage is
kept at its nominal amplitude (f/o“om), then it is possible to con-
trol the output power only by varying the power angle. However,
because the value of the output inductance highly influences the
calculation of the power reference, it is important to assure a
good measurement of its value. Taken this into account, it is
possible to propose a block that generates a reference voltage
v**! that depends on the value of the desired output power Prf
and on a synchronization signal with the grid voltage. This block
is shown in Fig. 5.

It is worth to mention that the strategies for tracking a sinu-
soidal current or voltage can be applied to a single inverter or to
a group of them connected in cascade. In the case of cascaded
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inverters [35], [36], the recommended strategy is to manage the
output voltage on each inverter. By doing this, the total sharing
of the total output voltage is assured and each inverter operates
at a known safe voltage level [37]. Also, another application that
requires controlling the output voltage—instead of the current—
of an inverter connected to the grid is the virtual synchronous
machine (VSM). A VSM is implemented with an inverter that
injects power into the grid in such a way that it emulates the
behavior of a synchronous machine; therefore, it can support
the control of the grid frequency and voltage [35], [38]-[41].
For this reason, this paper focuses on a strategy to track sinu-
soidal voltage rather than current to control the output power of
a grid-connected CSI.

IV. PROPOSALS FOR TRACKING SINUSOIDAL VOLTAGE
REFERENCES IN AN SP-CSI

This paper presents an original method for tracking a sinu-
soidal voltage reference and it is based on a classical nonlin-
ear control strategy called input—output linearization. Using the
proposed strategy, two types of controllers will be evaluated in
tracking a sinusoidal reference, a simple P controller and a PR
controller.

A. Input—Output Linearization in the SP-CSI

Using the concept of average model for a pulse-width modu-
lated (PWM) converter, it is possible to approximate a switch-
ing function Sjyc to a sine function mac that represents the

10 100
Frequency (Hz)

o oo e
50 1000 10000

(b)

Linearized system with P controller. (a) Block diagram of the control scheme, and (b) Bode plots for different values of K.

fundamental component of the switching function as follows:

Sac = Msin (wt + ) + > My 1sin((n+ Dwt + @, 41)
n=1

~myc = M sin(wt + ¢)).
©)
Thus, if we consider the fundamental component of the
switching function ma ¢ as the input signal to the model given
in (1), it will render the average model needed to apply the exact
input—output linearization in the time domain. Considering (1)
and (9), the output voltage of the inverter can be written as

Do _ = (macine —ir)
dt — Co mactpc L) -

(10)

Now, considering the output voltage as the system output

Y=o (11)
gives that the system’s output derivative simply corresponds
to (10)

j= o _ L acine — i)
Y= dtiCU ACIDC L)-

(12)

Then, from the procedure given in [42], it is possible to find
the equations that make a system linear by successively differen-
tiating the outputs of the system until finding the original inputs
of the system in the resulting expressions. From (12), it can be
seen that only one single differentiation with respect to time
is needed for the system input mac to appear in the resultant
mathematical expression.
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If a new input is conveniently defined as the derivative of the
output as

1
= — iDc — 1 13
v c (macipc — i) (13)
we can easily find that the input that linearizes the system is
C,+i
mac = w (14)
DC

with v being the new input to the system. Now, the system (10)
is linear with respect to the output v, and the new input v. By
substituting (14) into (10), the result is the linearized system in
the following form:

dv,
dt

= . (15)

B. Proportional Control of the Linearized SP-CSI

As can be seen from (15), the resulting system from the
exact linearization is a pure integrator. From the classical control
theory, in a system like this and where the input reference and the
output variable is a dc quantity, the simplest controller capable
of achieving zero error in steady state is the proportional one,
i.e., a gain. However, when the reference is sinusoidal, if a
P controller is used, it is only possible to achieve oscillating
errors around zero, whose oscillation amplitude can be very
small if the controller gain is very large. When using a gain as
the controller of the linearized system, as shown in Fig. 6(a),
one must ensure this gain K, be as large as possible in order to
increase the bandwidth in which the closed-loop gain is unitary
with respect to the input. Moreover, the phase lag between the
reference and the output voltage is closer to zero for a higher
bandwidth, as shown in Fig. 6(c). Therefore, the higher the gain
of the controller, the better the tracking of the reference voltage
at the inverter output.

The proposed control strategy that integrates the above exact
input—output linearization scheme and a P controller for the
control of the output power of an SP-CSI connected to the grid
is depicted in Fig. 7.

Despite its simplicity, proportional control has to overcome
the problem of noise amplification. With a higher gain value
Kp, the error between the reference and the output is amplified,
effectively resulting in a better tracking, as we can predict by
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looking at the Bode plots in Fig. 6. However, this amplification
produces at the same time an increased noise in the modulator,
which induces a higher and variable switching frequency, in-
creasing the switching losses in the converter. This means that
in order to tune the proportional gain K, we must find a bal-
ance between switching frequency and tracking speed, which
can only be done in a practical way. To improve the tracking
of a sinusoidal reference and achieve zero error in steady state,
without using high values of Kp and without increasing the
switching frequency of the converter, a PR controller must be
used [43].

C. PR Control of the Linearized SP-CSI

The strategies for tracking sinusoidal references based on PR
control have been around for at least two decades [43], [44]. The
main idea of a PR control is to emulate the infinite gain provided
by a PI for a dc variable in open loop. This infinite gain of the
PR allows eliminating the steady-state error in closed-loop for
a specific frequency of design.

In Laplace domain, the resonant controller can be written as

S

C =K K,——-
Pr(s) = Kp + Ko s

(16)
where Kp is the proportional gain and K, is the resonant gain
of the controller. The resonant part of the controller can be
considered as a generalized integrator for ac variables, as it is
mentioned in [45].

Fig. 8 shows the Bode plot of the average model of system
(15) plus the PR controller (16) designed for 50 Hz, both in open-
and closed-loop configurations. From the Bode plots, it can be
seen that the controller introduces a very high gain in the open-
loop system at the frequency of design [see Fig. 8(a)]. On the
other hand, in the Bode diagram of the closed-loop system [see
Fig. 8(b)], it is observed that the effect of the PR control system
is to maintain a unity gain and zero phase lag for the resultant
transfer function between the ac variables at 50 Hz. The latter
indicates that the control in that frequency of resonance will
perform a theoretical perfect tracking of the reference signal.

In order to implement the control strategy in a digital con-
trol card, the controller proposed in (16) has to be properly dis-
cretized. Using an impulse invariant method as the one proposed
in [46], the controller (15) written in the discrete Z-domain has
the following form:

1—2z"tcos (wTs)

C — Kp + K, T .
P () Pt S1—2zTcos (woTs) + 272

A7)

where wy is the resonant frequency, T is the sampling period
of the digital control, Kp is the proportional gain, and K, is
the resonant gain obtained at the resonant frequency wy. This
control strategy is implemented as depicted in Fig. 9.

The tuning of the PR controller parameters is based on the
approach proposed in [47].

V. SIMULATED RESULTS OF THE PROPOSED SCHEMES

In order to test the design of the controllers and the theoretical
premises of this paper, steady-state output voltage tracking and
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dynamic simulations for sudden changes in the power injected
into a single-phase stiff grid will be performed. For all simula-
tions, the parameters of the system are chosen to be the ones of
the laboratory prototype. Parameters are summarized in Table I.

A. Behavior of the System in Steady State Using the Nonlinear
Proportional Control Scheme

Simulations consider an SP-CSI connected to a stiff grid,
where the inverter is modulated through a simple sinusoidal
PWM technique with a carrier of 550 [Hz], with the purpose of
achieving a low switching frequency.

Three simulations considering values of Kp =
0.5e3, 3.1e3, and 10e3 were performed. The results of
these simulations for the waveforms of the reference and output
voltages are shown in Fig. 10. Observing the behavior for
the three different values of the proportional gain, the first
conclusion is that for a higher gain there is a better tracking of
the sinusoidal reference voltage, which was expected from the
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Block diagram and Bode plots of the linearized system with a PR controller. (a) Open-loop scheme, and (b) closed-loop scheme.

TABLE I
PARAMETERS OF THE SYSTEM USED IN SIMULATIONS
AND EXPERIMENTAL RESULTS

Parameters and/or Variables Symbol Value
Output capacitor c, 30 uF
Line inductance L 86 mH
Line resistance T 0.7
P. gain—for P control Kp 3.1e3
P. gain—for PR control in S.S. Kp 0.5e3
P. gain—for PR used for D.R Kp 3.1e3
Resonant gain for PR control K, le5
Switching frequency fsw 550 Hz
Sampling period T 100 pzs
DC current ipc 24 A

Note: S.S.: Steady state and D.R: Dynamic response.

analysis of the Bode plot in Fig. 6. Furthermore, we can see
that with a higher gain there is less total harmonic distortion
(THD) in the output voltage waveform. The simulation also
shows that when system operates with a higher gain in the
controller, the power spectrum of the output voltage is not
concentrated at multiples of the switching frequency, as we can
see in Fig. 10(d) and (e), and it is rather distributed across the
frequency range, as shown in Fig. 10(f). As discussed before,
the latter condition must be avoided because it produces higher
switching losses in the CSI. Therefore, it is not desirable to
operate with high values for the proportional gain.

B. Behavior of the System in Steady State Using the Nonlinear
PR Control Scheme

For this simulation, the parameters of the resonant con-
troller are Kp = 0.5e3 and K, = 1eb. The reference, the out-
put voltage, and its associated power spectrum are shown in
Fig. 11. In Fig. 11(a), it is possible to observe, practically a zero



826 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 33, NO. 1, JANUARY 2018
~ 50
40 v v,
K Kp 1 10
[V]o| 0.5e3 THD,, 1™
L 14.5% 4 1
a0 i
| 1 | | | 1 | 0.1 |
500 1000 1500 2000 2500
0 0.005 0.01 0.015 £ 0.025 0.03 0.035 0.04 2]
(@) (d)
40
[vp
Ll
0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04 1000 1500 2000 2500
t[sec] JIHz]
(b) (e)
™ 50
i
40
10
[V]o [V]
1
-40)
0.1
0 500 1000 1500 2000 2500
f1Hz]
(© )
Fig. 10. Steady-state response of the P controller and associated frequency spectrum. Reference and inverter output voltage for different values of Kp:

(a) Kp = 0.5e3, (b) Kp = 3e3, (c) Kp = le4; (d) spectrum of the output voltage in (a); (e) spectrum of the output voltage in (b); and (f) spectrum of the

output voltage in (c).

60

40

20

50

10

v © I\
-20 !
-40
-60 L L L L L L L 0.1k I"‘J"w L L L1
0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04 o 500 1000 fHz] 1500 2000 2500
1[sec]
(a) (b)
Fig. 11.  Steady-state response of the PR controller and associated waveforms. (a) Reference and inverter output voltages, and (b) power spectrum of the output
voltage.

steady-state error at fundamental frequency in the output voltage
of the converter to the given reference trajectory in steady state,
which radically differs from the case of only proportional control
shown in Fig. 10(a), for the same value of gain Kp = 0.5e3.
It is also possible to note that, as in the case of lower gains for
a simple P controller and because of the modulation technique
used, the harmonics of the output voltage are mostly concen-
trated in the lower part of the spectrum at odd multiples of the
carrier frequency. It is also important to mention that for the
same proportional gain used in the P controller, a lower THD is
achieved for the PR case (11.2% versus 12.5% in P case). This
occurs because of the smaller error achieved by the PR strategy
between the sinusoidal reference and the output voltage.

C. Dynamic Response of the P and PR Control Schemes

A relevant aspect of the sinusoidal tracking control schemes
is the rapid response that can be achieved upon a change in the
reference or a disturbance. In this section, the dynamic response
of the P and PR controllers is evaluated upon an abrupt change in
the output power of the inverter from 20% to 100%. Parameters
used in both simulations are shown in Table I and simulation
results for the P and PR controllers are shown in Figs. 12 and 13,
respectively.

By observing Fig. 12(a), it is possible to see that the P con-
troller performs well achieving a rapid response to a sudden
change in the reference voltage due to a power increase from
20% to 100%. Likewise, in Fig. 13(a), it can be observed that
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the inverter response with the PR controller achieves an even
better response than the one of the P controller, since it is possi-
ble to notice that there is not an oscillating error around zero at
fundamental frequency. To compare the tracking performance
of both controllers the normalized root-mean-square measure
of the control error (NRMSE) will be used. The NRMSE is
defined as

1T pre v 2
NRMSE:\/T Jo (Wet(t) — v, (1)) dt

ref
o(rms)

(18)

TABLE II
CONTROL ERROR IN P.U.
Index Control 20% of 100% of Transient
Type Power in S.S. Power in S.S. State
NRMSE P (see Fig. 12) 0.118 [p.u] 0.154 [p.u] -
NRMSE PR (see Fig. 13) 0.102 [p.u] 0.123 [p.u] -
Ip P (see Fig. 12) - - 0.678 [p.u]
I PR (see Fig. 13) - - 0.564 [p.u]

Note: S.S.: Steady state.

827

Dynamic response of the P controller to a sudden increase in the output power. (a) Reference, inverter output, and grid voltage. (b) Control error between

Dynamic response of the PR controller to a sudden increase in the output power. (a) Reference, inverter output, and grid voltage. (b) Control error
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where V;'("Iﬁm) is the root-mean-square value of the reference in
steady state. In addition, to compare both transient state errors,
shown in Figs. 12(b) and 13(b), the following index based on
the integral of the control error (/) within the transient period

Tt is proposed:

Io— ST (et (t) — v (t))dt
’ Tt d |

Table II summarizes the tracking error calculated in both sim-
ulations presented in Figs. 12 and 13. The calculation considers
steady-state regime in low and maximum power for the NRMSE
(18), and the error in the transient state given by index I (19).

Looking at the results in Table II, it can be noted that the
lowest errors are achieved by using the PR tracking scheme.
Nevertheless, the P controller can still be considered a plausible
control strategy to be used in preliminary testing stages where
there is no guarantee of a good performance of the PR, e.g.,
when the converter is tested operating at different values of grid
frequency.

19)

VI. EXPERIMENTAL RESULTS

In order to validate the theoretical premises of this paper and
the simulated results, a laboratory prototype is built to conduct
experimental tests. Parameters and variables of the implementa-
tion are summarized in Table I. The parameters of this prototype
are the same to those used in simulations (see Table I). It is worth
to mention that the inductor used in the ac side (86 mH) has not
been optimized for the power level of the prototype and, there-
fore, this can be a source of considerable losses. For higher
power levels, the size of the inductor must be carefully designed
in order to keep the losses low. The dc bus of the converter is
supplied by a small battery bank and a buck converter is respon-
sible for ensuring a current of 2.4 [A] at the inverter input. A PI
controller, necessary for the control of the dc current with the

buck converter, and the proposed controller C(z)—which can be
P or PR—responsible for the tracking of the output voltage of
the inverter, are programmed into a DSP-TMS320F28335 Texas
Instrument card. Fig. 14 presents a diagram of the experimental
implementation.

A. Performance of the P Controller in Steady State

This section presents the evaluation of three practical experi-
ences with the inverter injecting maximum power—90° in the
power angle—into the single-phase grid. Three different values
of Kp are used (0.5e3, 3.1e3, and 10e3) and the performance
of the controller is evaluated in steady state. Fig. 15 shows the
waveforms obtained in each case. As it was observed in sim-
ulations, the prototype exhibits poor tracking of the reference
voltage as the proportional gain is low; however, on the con-
trary, the power spectrum improves. From the cases shown in
Fig. 15, Kp = 3e3 is of more interest because the controller
shows acceptable tracking capability [see Fig. 15(b)] and the
power spectrum is still representative of the carrier frequency
being used [see Fig. 15(e)], which ensures that the commutation
losses are not being increased excessively.

B. Performance of the PR Controller in Steady State

To avoid using large gains in the simple proportional control,
a PR controller was proposed and experimentally evaluated.
In Fig. 16(a), it can be observed that with a proportional gain
Kp = 0.5e3 and a resonant gain K, = leb a more accurate
tracking is achieved without increasing the harmonic content in
the output voltage as it occurs in the cases with large proportional
gains [see Fig. 16(b)]. In point of fact, if one compare Fig. 16(a)
with Fig. 15(a) and (b), it is not so difficult to realize that this
new proposal presents an output voltage amplitude closer to the
sinusoidal reference amplitude.



BAIER et al.: ANALYSIS AND DESIGN OF A CONTROL STRATEGY FOR TRACKING SINUSOIDAL REFERENCES IN SINGLE-PHASE

ME0- 30144, MYS2010537 FriMar 11 185310 2016

20.0v¢ 140sr 4 0.0s Aute t

829

1.507

it Agilent | S0 T
Altares
| o 20.0MSars
I 10
r'.i"l.-" g I Canales
R 5‘_.\ iy
Y W I <
\T‘ " i oc 0.0:1
:'ﬂ'wr 4 i 'AU A /| Uk n.i;
1-.11’.4,'-"3 . YAt vf';lln'r LTAF
&\-“H -.‘;..ﬁj ¥ Y 1
37 g THD,, | S+
15.7%
4 |
Meni Mediciin 0.1
(2
MSDX 30144 MYS2010537: FriMar 11130150 2016
20,00/ 1408 4 00s 50008/ ate % 150V
o Agilent |
i Adquuicién_¢|
Akares
Py p il 20.0MSa/s
ik T 10 )
/ [ \\ / T: Canales Va
i / : s
i N L 1 [V]
\ A oc 001
\ | | \ | \ |
# I} ] [Tl
13y ! v i
A il LA
¥ 7 THD,, | ¥
13.4%
4 1
Mend Medcion
(®) (e
MSDX 30144 MYS2010537: FriMar 11130341 2016
2000/ 1408 4 0.0s 50003/ Ao % -1.50v
2 Agilent | SOf
) Rka ras
LAe et 20.0MSals
/1Y £ °
; Canales | o
R AR ; |
i !J‘I \ ,lf \ f 0C wol V]
& ; | L
\-’N ! Wi W
i T THD,, |

8.2%

Meni Medicidn

Fig. 15.
values of Kp: (a) Kp = 0.5e3, (b) Kp = 3e3, (¢c) Kp
(f) spectrum of the output voltage in (c).

As shown previously in simulations, it is possible to observe
that for equal gains in both strategies (P and PR), a lower THD
for the output voltage is obtained with the PR controller (11.8%
versus 15.7% in P case). This can be explained by the better
tracking capability of the PR controller.

C. Performance of the P and PR Controllers in Transient State

In order to analyze the transient response of both controllers,
two practical experiments were performed, consisting in a
sudden increase in the power delivered by the inverter to the
grid from 20% to 100%. The summary of the parameters from
both experiences is presented in Table I.

01, 1000
J1Hz]

®

1500

Steady-state response of the P controller in experimental test and associated frequency spectrum. Reference and inverter output voltage for different
le4, (d) spectrum of the output voltage in (a). (¢) Spectrum of the output voltage in (b), and

The results are presented in Fig. 17, where Fig. 17(a) shows
the reference, the inverter output, and the grid voltages. The ref-
erence voltage is suddenly changed at time # = 22 ms, increasing
the power angle from 15° to 90° almost instantly, forcing the
output voltage to track the reference and change the power in-
jected with a transient response of less than one grid cycle.
Fig. 17(b) shows the control error between the reference signal
and the output voltage, from which it is possible to calculate the
performance indexes previously introduced: the integral of the
error Iy for the transient regime and the NRMSE for the steady
state before and after the transient, these data are presented in
Table III.
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TABLE III
CONTROL ERROR IN P.U. FOR EXPERIMENTAL TESTS

Index Control 20% of 100% of Transient
Type Powerin S.S.  PowerinS.S. State

NRMSE P (see Fig. 17) 0.121 [p.u] 0.164 [p.u] -

NRMSE PR (see Fig. 18) 0.092 [p.u] 0.133 [p.u] -

Ip P (see Fig. 17) - - 0.71 [p.u]

Ip PR (see Fig. 18) - - 0.567 [p.u]

Note: S.S.: Steady state.

On the other hand, the waveforms of the dynamic response
associated to the PR controller are presented in Fig. 18(a), where
the reference, the output, and the grid voltage are shown. Again,
the reference is changed at r = 22 ms, forcing the inverter to
inject the 100% of the available power. The error between the
reference and the output voltage of the inverter is shown in
Fig. 18(b).
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Fig. 18. Dynamic response in experimental test of the PR controller to a

sudden increase in the output power. (a) Reference, inverter output, and grid
voltage. (b) Control error between the reference and the output voltage of the
SP-CSL

The performance indexes I; and NRMSE that allow evaluat-
ing the tracking error have also been calculated and are presented
in Table III.

Waveforms presented in Figs. 17 and 18 and the experimental
data of Table III demonstrate that the proposed control scheme
achieves good tracking of the sinusoidal reference and, simulta-
neously, it allows low switching frequencies. An advantage of
the scheme with PR controller over the P controller is that it
achieves zero average error in steady state.

VII. CONCLUSION

This paper deals with sinusoidal reference tracking strategies
for SP-CSIs connected to an ac grid. A novel control strategy
for maximum power injection that entails the exact lineariza-
tion of the inverter model was proposed, analyzed, and validated
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experimentally. From the analysis of the Bode plots of the lin-
earized system, it was determined that the output voltage of the
inverter can be controlled simply by using a P controller, and
also with a PR controller to achieve better dynamic performance.
The simulated and experimental results demonstrate that both
controllers can achieve a good tracking of the sinusoidal refer-
ence while keeping the switching frequency low, which helps
to minimize the switching losses. The PR controller was found
to be the best option, achieving the lowest tracking error, both
in the steady state and transient regime. On the other hand, for
the P controller, it was found that higher gains can improve the
tracking, however, it also makes the switching harmonics to in-
crease and become variable, affecting number of commutations
per cycle and therefore the switching losses. Therefore, when
tuning the P controller, it is recommended to look for a value
of proportional gain that minimizes the error, but it does not
introduce uncharacteristic harmonics in the voltage spectrum.
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