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An Adaptive Dynamic Reference Control for Power
Converters in a Microgrid

Vijesh Jayan, Student Member, IEEE, Amer M. Y. M. Ghias, Senior Member, IEEE, Josep M. Guerrero, Fellow,
IEEE, and Adel Merabet, Senior Member, IEEE

Abstract—This paper proposes an adaptive dynamic reference
control for power converters in a microgrid. Conventionally, two
separate controllers are required to control the input current and
the dc bus voltage. The proposed adaptive dynamic reference
control eliminates the need for an additional controller by utiliz-
ing a simple discrete-time model to generate appropriate input
current reference for the dc bus voltage regulation. The proposed
technique is easy to design and guarantees a dynamic convergence
of the dc bus voltage to its nominal reference even during non-
idealities in the system, such as model parameter uncertainties,
sensor imperfections, and unmodelled dynamics. A simple design
procedure of the control parameters for the desired converter
response is also provided based on a theoretical analysis. Unlike
traditional linear controllers, the control parameter design of the
proposed model is independent of the converter’s operating point.
Finally, the performance of the proposed technique is validated
experimentally by using a finite control set model predictive
control of a typical grid-connected application and is compared
with both conventional dynamic reference control and traditional
linear controller.

Index Terms—Voltage control, Power control, Predictive con-
trol.

I. INTRODUCTION

Recently the power converters have become a proven tech-
nology for integrating energy sources, storage devices, and
critical loads into microgrids. Thus, developing an effective
control technique for the converters in microgrids has become
an area of interest. The classical linear controllers are widely
used to control the converters in microgrids [1]-[5]. In general,
two control loops based on the linear controller were used
to control the voltage and current. The voltage control loop
generated a current reference to compensate for the dc bus
voltage, while the current control loop applied appropriate
switching signals to the converter. These controllers were
designed through proper tuning of their gain parameters to
ensure a stable operation. However, such gains were obtained
for a specific operating point and will not guarantee desired
dynamic response for a wider operating range. Furthermore,
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the cascaded configuration of linear controllers not only in-
creased system complexity but also required a proper tunning
procedure to obtain appropriate controller gains for both
voltage and current control loops.

Another notable control technique is the finite control
set model predictive control (FCS-MPC) [6]. Unlike linear
controllers, the FCS-MPC is easy to implement and pos-
sesses a faster dynamic response during any disturbance in
the system. Also, the FCS-MPC easily incorporates system
non-linearities and can attain multiple control objectives by
simply incorporating the control variables into a cost function
through weighting factors. The FCS-MPC implementation of
the converter as an active front-end (AFE) rectifier [7], active
power filter [8], and grid-connected with LCL filter [9] were
reported in the literature. The current control loop in these
papers was implemented by the FCS-MPC, which provided
the optimum switching signals to the converter. However, the
current reference was generated by a voltage control loop
based on the linear controller. Due to the variable switching
behavior of the converter caused by the FCS-MPC, obtaining
appropriate controller gains for the linear controller becomes
challenging. An improper selection of the gain parameters can
affect the overall system performance and stability.

The problem mentioned above was solved by introduc-
ing a dynamic reference (DR) model [10]. Such a model
generates appropriate current reference based on the dc bus
voltage error without requiring an additional control loop. The
FCS-MPC implementation with the DR model was reported
for various applications, namely, grid-connected [11], [12],
dc microgrid [13]-[16], hybrid ac/dc microgrid [17]-[20]
etc. In these papers, the model utilized a single parameter
N to control the dc bus voltage by generating appropriate
power/current reference for FCS-MPC. However, the dc bus
voltage failed to converge to its nominal reference during
system parameter variations and model uncertainties. As a
result, a significant steady-state error prevails in the dc bus
voltage that can compromise the operation of its connected
loads. Also, the desirable range of N that can be used in
the model and its theoretical analysis were not provided in
these papers. Another notable drawback is that compared to
the conventional approach, the model required an additional
current sensor at the dc side to estimate the dc load parameter.
This will increase the overall system cost and is not attractive
for the industry. A similar type of DR control, so-called
dynamic evolution control, was presented in [21] and [22] for
a hybrid energy storage system. The voltage was controlled
by an exponential error function, where three parameters



determined its characteristics. These parameters were required
to be tuned based on a desired transient response. However,
detailed procedures for obtaining these parameters were not
provided. Also, an improper selection of these parameters can
cause overshoots in the system variables that can drastically
affect the performance. An adaptive reference model predictive
control (ARMPC) for a single-phase inverter was proposed
in [23]. The ARMPC was based on the traditional FCS-
MPC algorithm with a trajectory control theory that eliminated
the steady-state error during a model parameter uncertainty.
However, the implementation of ARMPC was complicated and
required huge computations to identify the optimum switching
state that eradicated the steady-state error. Another approach
for the steady-state error elimination during a model parameter
variation was to incorporate the past error of the control
variable into the cost function of FCS-MPC [24]. However,
such implementation required a variable weighting factor and
an additional algorithm to determine its value during the
operation.

Therefore, an adaptive dynamic reference (ADR) model is
proposed in this paper that is easy to design and integrate
into any power converter topology and microgrid applications.
Following are the contributions overlaid in this paper:

1) The proposed ADR model eliminates the steady-state
error in the dc bus voltage and guarantees the desired
dynamic convergence to its nominal reference even dur-
ing model parameter variation, unmodelled dynamics,
and sensor imperfections.

2) The proposed technique is easy to implement as it
does not require an accurate model with all dynamics
incorporated and/or additional load current sensor at the
dc side.

3) A theoretical analysis of the proposed ADR model is
developed, and a simple three-step design procedure is
overlaid to obtain the optimal control parameters for
the desired converter response. Unlike traditional PI
controllers, the design of the ADR model is independent
of the converter’s operating point.

4) The proposed model is verified experimentally on a
typical grid-connected converter using FCS-MPC under
different scenarios, and its performance is compared
with the DR model [10] and traditional PI controller.

The paper is organized as follows: Section II describes the
FCS-MPC that is used to validate the performance of the
DR models. Section III discusses the limitation of conven-
tional DR model. Section IV proposes the ADR model with
its operation and design equations. Section V discusses the
implementation of traditional PI controller and its comparison
with proposed ADR model. Section VI validates the proposed
method experimentally under different case studies followed
by the conclusions.

II. FCS-MPC

A block diagram of FCS-MPC implementation for a typical
grid-connected converter is shown in Fig. 1. The FCS-MPC
is designed to control the grid current. Thus, a discrete-time
prediction model of the grid current i = [i,, ig]7 is developed,
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Fig. 1. The block diagram of FCS-MPC implementation for a grid-connected
two-level converter with the proposed ADR model.

which can be expressed in terms of the converter’s switching
signals Sy, So, S3 and grid voltage e = [e,, es]T as

1 1 Sk
ik+1:ik+5 2[1 —3 _} Sk k k

L 3
(D

where v%  is dc bus voltage measured at time instant k, and T}
is the controller sampling period. The detailed procedure of
deriving (1) can be found in [25]. The FCS-MPC obtains the
optimum S, Sz, S from a finite set of eight possibilities that
minimizes a cost function based on the grid current. This paper
considers a quadratic cost function J k which is expressed as

; 2)
where i*kt1 = [k +1 ing]T is the grid current reference,

which is generated by the instantaneous power theory [26] as

|:Z-zk+1:| 1 |:ek 6;’3 } |:_p%k+1:| )
skl | T TNy T ke | ok k 1
is (eh)? + (ef)? les —eal LT ]7
where pg is the grid active power reference, and ¢* is the
grid reactive power reference. Note that the py is the power
required to regulate the dc bus capacitor Cy. to its nominal
voltage reference V.. Thus, the discrete-time equation of the
Py in terms of dc bus power reference py. can be expressed
as

gk — [i*k—H _ ik+1]T [i*k—H . ik+1]

Q

o wk1
—Plimit, if pye < =Plimit
k+1 o wk41
P = S P, iP5 > 4P, where  (4)
p;“l’c“ 1 otherwise
sk+1 _ | xk+1 . xk+1 k41 CdC *k+1 k
dc = Vg Lde and Lde - T (vdc - Udc) . (5)
S

The £Pj;mi: ensures a safe converter operation by clamping
the i* generation (3) to maximum permissible grid current
limit Ij;,,,;+. Observe that the fu;f*l in (5) is the dynamic
voltage reference generated by the DR model to regulate the
Cyc to V, (see Fig. 1). The upcoming section elaborates on the
discrete-time equation of v, in a conventional DR model and

its limitations. Note that the ¢* is the reactive power required



to control the grid power factor. The grid operates in unity
power factor (UPF) when the ¢* = 0.

IIT. CONVENTIONAL DR MODEL
A. Discrete-time equation

The discrete-time equation of the conventional DR model
[10] is given as
vie T = vge + LCN e, (6)
R
where Np is the parameter that controls the convergence
of v}, to V.. The time taken for the v}, to reach V], is
proportional to the magnitude of Npi. Thus, the DR model
with a smaller Np magnitude possesses a faster convergence
of v}, to V. However, the usage of a smaller Nr value can
distort the grid current during the steady-state operation. On
substituting (6) to (5), the expression of pj, is observed to have
a direct dependency on the factor TN and the dc bus voltage
error (V}, — v’jc). The DR model with a small Ny magnitude
amplifies the (V}, — vsc) to generate an undesirable fluctuating
Dy, during the steady-state. This results in the distortion of
the i, and i (3). Hence, the magnitude of Ng is required to
be greater than C;EC ratio to ensure undistorted i, 7y, and i,
throughout the opération.

B. Limitations

Despite being a simple model, the conventional DR model
fails to converge v}, to V;, during non-idealities in the system,
such as model parameter uncertainties, sensor imperfections,
and unmodelled dynamics. The step-response of the DR model
with Np = 500 and N = 800 for a non-ideal system is
shown in Fig. 2. During a non-ideality in the system, the
voltage attained at £+ 1 time instant will be different from the
computed voltage reference (i.e, v ch #+ *kH) This resulting
voltage difference for a non-ideal system is demonstrated as
0vge in the zoomed view of Fig. 2. The presence of dvg. in
the system introduces a steady-state error in the v..

The v}, is observed to settle at a value less than V}, with
a voltage offset v,5y = Npdv4e. Even though the magnitude
of dvge is of the order 107, its effect on v}, depends on
the magnitude of Ng. The v,¢y is zero irrespective of Npg
only when the system is ideal (dvg. = 0). Nevertheless, for a
non-ideal system (dvg. > 0), the v, s ¢ increases proportionally
to the magnitude of Ng. This suggests that the v,ss can be
minimized by reducing the value of Nr. However, reduction
in the magnitude of Ny beyond C%f“ ratio can distort the 7., 7p,
and 7., as discussed in Section Ii-A. Thus, the conventional
DR model finds it impossible to eradicate the v,r; from the
v;.. Hence, an enhanced DR model is proposed in this paper
that eliminates the v,y and guarantees a dynamic convergence
of the v, to V. even during system non-idealities.

IV. THE PROPOSED ADR MODEL
The discrete-time equation of the proposed ADR model is
defined as

Vi — ok AF
«k+1 _  k dc dc
= Zde _ “de 4 2 7
Vde ,Udc NR NL ( )
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Fig. 2. Evolution of v}, generated by the conventional DR model [10] and
the proposed ADR model for a non-ideal system.

Compared to (6), (7) has X‘,—i as an additional term. The A*
is an accumulator, which performs a cumulative summation
of the V. — vk over time and the parameter N, decides the
rate at which the accumulated error is incorporated for v,
generation. Fig. 2 demonstrates the role of z\% in providing
necessary corrections to v};, for eliminating v, s r. Observe that
Vo 18 eliminated when NAL approaches dvg.. As a result, the
proposed technique guarantees a smooth convergence of v,
to V. for a non-ideal system.

A. Continuous-time model

To examine the effect of parameters Nr and Ni on v},
generation, a continuous-time equation of (7) is derived. By
considering v%_ = v}, the resulting discrete-time equation of
(7) can be written as

k *71M
*k Vdc vdc + Zm:l (Vd(’ — Vde )
Ve Ngr Ny .
Observe that A* in (8) is expressed as the summation of the

dc bus voltage error over time, as discussed previously. On
setting vk = v (¢) and Vi, = V;.(¢), (8) can be written as

> Vd*c(t) — v:;c(t)
—ge s _de S dt.
Ny,

*k+1 _
Vdce -

®)

Vi) —ui(t) 1

A’U*C 1) = de dc W
¢ ( ) Ngr T t=0
©))

Further dividing (9) by 7 and differentiating with respect to
t, the continuous-time equation of the proposed ADR model

is obtained as

d2vdc( ) + 1 drU;c(t) ’U:lc(t)
d? NpT, dt | N.TZ
1 dVi(t Vit
_ dc( ) + dc( ) (10)
NpT. dt N.T?

Observe that the continuous-time equation expressed in (10)
is a second-order system whose response is dependent on the
values of Ni and Nz. Such a second-order model is prone to
generate an oscillatory v}, with significant overshoot during
a step-response, as shown in Fig. 3a. Therefore, a proper
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Fig. 3. Effect of step-response on the proposed ADR model with (a) Np =
800, Np, =2 x 105, Ve = Vi, (b) Ng = 400, N, = 105, V,, = V7, and
(c) Ng = 400, N, = 108, V. = 0.2V}

selection of Nr and Nj, is required to generate a desirable
v, that is non-oscillatory and has minimal overshoot.

B. Effect of parameters on v}, generation

In general, the degree of oscillation and magnitude of
overshoot for a second-order system is quantified by the
damping-ratio ¢ and the natural frequency w,,. The dependency
of Np and N on ( and w, can be assessed by applying
the Laplace transformation on (10). Thus, the proposed ADR
model in s-domain can be expressed as

. . dvj.(0) | svg.(s) —v5.(0) | vi.(s)
S2vdc(3) - SrUdC(O) - C(l:lt d NRTSd + ]\}iLTg
_ SVd*C(S) B Vd*c(o) + Vd*c(s) . (1])

NRgT; NpT?
On substituting the initial conditions: % =0, v;‘lc(O) =0,

V;.(0) = 0 to (11), the v}, (s) can be expressed in terms of
Vi(s) as

1 1
NSt NLT2

2 1 1
St NSt wo

Vie(s). 12)

Vge(s) =

On comparing the denominator of (12) with the coefficients
of a typical second-order characteristic equation [27], ¢ and
w, can be obtained in terms of Ng, Ny, and T, as

VN 1
(=YL andw,=—. (13)
9Ng T.\/N.

The generation of v}, during a step-response of (12) for
different values of N and Ny are shown in Fig. 3. It is seen
from Fig. 3a that the model with Nz = 800 and N;, = 2x 10°
generates an oscillatory v}, with significant overshoot. This is
because the model is under-damped for ¢ < 1 (13). Therefore,
values of Ny and Ny, resulting in ( < 1 is not desirable. The

step-response for a model with ¢ > 1 is shown in Fig. 3b.
It is seen that the model possesses an over-damped response
and generates a non-oscillatory v}.. However, an overshoot
persists in its response, which is not desirable. The overshoot
is quenched by switching the order of the model, which is
accomplished by adjusting the value of A* as

Ak { 0, if Ve < |V~ vk | o
Ak71 + Vd*c - Usc’ if V:f > |Vd*c - v§c|

where V, setting decides the value of A* based on the dc
bus voltage error |V,;, — v%_|. The step-response of the model
used in Fig. 3b with V, = 0.2V}, is shown in Fig. 3c. Until
time instant t', the |V}, — v§c| > V.. As aresult, A =0 (14)
and the model becomes a first-order system, where its response
depends only on Ng (shaded region in Fig. 3c). At time instant
t', the |V, —v% | < V. and the model becomes a second-order
system. As a result, A begins to accumulate the (V;, — v% )
over time and incorporates it for v}, generation through Np.
In doing so, the percentage overshoot PO in v, is found to
reduce. Although the same values of Ni and Ny, are used for
the model shown in Fig. 3b, the PO in Fig. 3c is observed
to reduce by a factor of 0.2. Therefore, the selection of V,
plays a crucial role in quenching the overshoots in the v,
response. To examine the effect of V., on PO, the expression
for v}j.(t) is derived by applying inverse Laplace transform on
(11) with initial conditions: % =0, v;.(0) =V -V,
and V. (0) = V. — V.. The resulting expression for v} (t) is
obtained as

- (1) Vi—"Ve (cos yt — ¥ sin yt) e for ¢ #1
vh(t) =
¢ ViV, (1—at)e ™, for ¢ =1
(15)

0.5 T
where z = ———, and y = —+/1 — (2. (16)
N RTs C

The stepwise procedure to obtain (15) can be found in
Appendix A. The PO in v} (t) with respect to V. is given
as

PO = v;c(tm) _ Vd*c
Vd*c
where t,,, is the time to reach the maximum overshoot, which
is expressed as

x 100, (17)

o tan! (z«ffijz) , for ¢ < 1/v2
tm = < 4NRTs, for( =1 (18)
Ltant (J2), for (2 1/V3

The stepwise procedure to obtain (18) can be found in Ap-
pendix B. From (15), (17), and (18), the PO in v}, can be
obtained as

Ve

Vd*c
The effect of V, for different values of N and N, is analyzed
using (19) and is shown in Fig. 4. It is seen that the magnitude
of PO increases as the values of Nz and N, move from an
over-damped region (( — 1 > 0) to an under-damped region

e %tm,

PO =100

19)
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Fig. 4. Effect of Ng and Nz, on PO in v} .

(¢ — 1 < 0). This concludes that the magnitude of PO is
inversely proportional to . Another notable aspect in (19) is
that the magnitude of PO have a direct dependency on V..
Thus, to reduce the PO in v}, either a model with large ¢ or
small V, can be selected.

C. Parameter design procedure

The optimum values of N, N, and V, for the desired
converter response are determined by adopting a simple three-
step design procedure as follows:

1) Select parameter N such that its magnitude is greater
than the % ratio.

2) Select para?neter N7, such that the resulting ¢ (13) based
on the selected Ny is greater than 1. In other words, the
selected Ng, N1, pair must belong to the over-damped
region, as shown in Fig. 4.

3) Calculate V. from (19) based on the selected Ngr, Ny,
pair and desired PO limit.

Based on the values of Cy. and T given in Table I, Nz = 200,
Ny, =10° (¢ = 2.5) is selected to guarantee a non-oscillatory
v}, and Vo = 0.1V} 1is chosen to limit the PO in v}, to
0.32% (19).

V. COMPARISON WITH PI CONTROLLER

The block diagram of a typical outer loop PI controller
for dc bus voltage regulation is shown in Fig. 5. The PI
controller generates pj;. based on the error in the dc bus
voltage. The generated p. is limited by P, (4) and
converted to desired grid current references i, z}; using (3),
which is further sent to an inner loop current controller that
operates on FCS-MPC as demonstrated in Fig. 1. The FCS-
MPC applies optimum control action to attain pj., which
subsequently regulates vq. to V.. The transfer function of

V«;c_) c(s) | Pac | Fecsmpe | Pac [ G(s) | Vac
Eq(21) Eq (1)~ Eq (4) Eq (20)
PI controller Plant

Fig. 5. Block diagram of a typical outer loop PI controller for dc bus voltage
regulation.

the PI controller C(s) and the plant G(s) corresponding to
the dc bus side can be expressed as

R
G(s) = , and 20
(5) 2Vd*c (1 + Rg’dc S) ( )
K;
Ols) = Kp+—, 1)

where K, and K are the gain parameters of the PI controller,
which are tuned to accomplish a desired dc bus voltage
response. Since the inner loop operates on FCS-MPC with
a smaller T, let’s set pg. = pj;.. Thus, the closed-loop
transfer function of the block diagram depicted in Fig. 5 can

be obtained as
Ki K.
oo (14 48)

K;
+c V* ( )5+cdcv;c

On comparing the denominator of (22) with the coefficients of

Vac(s)
Vd*c(s)

(22)

a typical second-order characteristic equation [27], the ¢ and
wy, can be obtained as
¢ = KpyR+2Vy _ K; 23)
2R\/K; Cchd*c’ o CacVy'

The values of ¢ and w,, are selected based on a desired dc
bus voltage response. The corresponding gain parameters f,
and K; are calculated from (23) based on the selected ¢ and
wy, values [8]. Observe from (23) that K, and K; is also
dependent on R and V, values. This suggests that the PI
controller guarantees the desired dc bus voltage response only
when the converter operates at the values of 12 and V}, that was
considered for calculating K, and K;. Thus, the PI controller
does not offer the desired dc bus voltage response when the
converter undergoes a step-change to different R and/or V],
values. On the other hand, the parameters Np and N, of the
proposed ADR model are independent of the 12 and Vj, values
(13). As a result, the designed ADR model, demonstrated in
Section IV-C, exhibits the desired dc bus voltage response
even when the converter step-changes to any values of R and
V.. Furthermore, the PI controller requires an anti-windup
scheme, such as back-calculation method, clamping method,
etc. to prevent undesirable overshoot in the dc bus voltage.
While the ADR model features parameter V., whose value
is set easily using (19) to limit the overshoot in the dc bus
voltage to a desirable value; thereby, eliminating the need for
an anti-windup scheme.

VI. EXPERIMENTAL RESULTS

The proposed ADR model was validated using a low-power
grid-connected converter. A picture of the experimental setup
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Fig. 6. Picture of the experimental setup.

TABLE I
PARAMETERS FOR EXPERIMENTAL TEST

System and control parameters

E f L Cic Primit
30V 50Hz | 6.3mH | 2.2mF | 225W

Ts Ngr Np ¢ Ve
50us 200 106 2.5 0.1V,

Load and reference parameters

Case study t(s) R(©2) Vi (V) | ¢*(VAR)

1 0.1-0.5 150 80 0
0.5—-1.0 150 120 0
0.0—-1.0 150 100 0

2 1.0-3.0 75 100 0
3.0-5.0 75 100 100

i 0.0-5.0 75 100 0

5 0.2—-1.0 100 100 0
1.0—-2.0 00 100 0

is shown in Fig. 6. The three-phase two-level converter is
built using six SiC MOSFETs G3R75MT12D with integrated
gate driver boards, and the three-phase grid is emulated by
a Chroma programmable AC source 61830. The converter is
controlled using the FCS-MPC algorithm (see Fig. 1), pro-
grammed in MATLAB/Simulink, and implemented in dSPACE
MicroLabBox 1202. The system and control parameters con-
sidered for the experimental validation are summarized in
Table I. Different case studies evaluating the performance of
the proposed ADR model and its comparison with the conven-
tional DR model and traditional PI controller are demonstrated
in the upcoming sub-sections.

A. Case study 1: Step-response of V],

The converter’s performance with the proposed ADR model
during a step-response of V' is shown in Fig. 7. In this study,
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Fig. 7. Experimental result on the converter’s performance with the proposed
ADR model during a step-response of V.

all the system variables are initialized to zero and ¢* is set to
OVAR. At time instant ¢ = 100ms, the converter is connected
to the grid, and the controller is activated with V; = 80V.
Observe that the |V}, — v% | at ¢ = 100ms is greater than
Ve = 8V (Ve = 0.1V}). As a result, A = 0 (see (14)),
and the proposed ADR model operates as a first-order system
that generates v);. using Ny alone. After time instant ¢’, the
|Vx. — vk | falls below 8V. Consequently, the proposed model
switches to a second-order system, where Ng, Ny, and the
accumulated dc bus voltage error A controls v}, generation.
It is seen that the vg. exhibits a smooth trajectory and
converges to 80V without introducing undesirable oscillation
and overshoot in the system variables. At ¢ = 500ms, the V,
is increased to 120V. Observe that A is reset back to 0 as
|V, — vk | > 12V, and the proposed ADR model becomes a
first-order system. After ¢/, the model switches to a second-
order system (|V,;, — vk | < 12V), which ensures a smooth
convergence of vg4. to 120V. Note that during the transients,
the peak of i,, %y, and . are limited to Ij;,;: = HA due to
the Pjimi¢ setting (4).

B. Case study 2: Step-response of load and reactive power

The converter’s performance with the proposed ADR model
during a step-response of load and reactive power is shown in
Fig. 8. In this study, the V, is set to 100V throughout the
operation. Until ¢ = 1s, the dc load resistance R = 15012
and ¢* = OVAR. The grid operates in UPF as its three-phase
voltage and current are in-phase (see zoomed view of Fig.
8). At t = 1s, the load undergoes a step-change to 75¢). The
proposed ADR model identifies the deviation in vg. caused
by the load-change and provides necessary adjustments to v},
for its regulation. As a result, v4. smoothly converges back to
100V and the grid continues operating at UPF. At ¢ = 3s, the
q* undergoes a step-change to 100VAR. A phase difference
of A¢ = 29.6° is observed between the three-phase voltage
and current (see a zoomed view of Fig. 8). As a result, the
grid operates at a power factor of 0.87. The v, is not affected
during a step-change in ¢* and continues regulating to 100V
during the operation.
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Fig. 8. Experimental result on the converter’s performance with the proposed
ADR model during a step-response of R and ¢*.

C. Case study 3: Effect of unmodelled dynamics and model
parameter variation

The converter’s performance with the conventional DR
control [10] and the proposed ADR control during model
parameter uncertainty is shown in Fig. 9a and 9b, respectively.
In this study, the load is fixed at R = 752, and the references
are set as V; = 100V and ¢* = OVAR. Untl ¢t = 1s,
the system and model parameters remain the same. Observe
that the DR control fails to regulate the vg. to V.. This
is because the DR control lacks the loading information R
in its model. As a result, a significant vo,py = 7.1V is
introduced in vg. during the operation (see Fig. 9a). The v,
can be minimized by incorporating the load dynamics into
the model. However, such an approach requires an additional
current sensor connected through the load for its R estimation.
Essentially, the DR model needs to incorporate the discrete-
time equation of all the components connected to the dc bus
to ensure a minimum v,ss. Conversely, the proposed ADR
control is observed to regulate the vq. to V;, without the need
for R estimation (see Fig. 9b). The term A in the proposed
ADR model provides necessary adjustments to v}, based on
the accumulated dc bus voltage error over time. As a result,
the A compensates for any unmodelled dynamics in the model
and ensures a dynamic convergence of vg. to V during the
operation.

At t = 1s, a 10% variation is introduced to the param-
eter Cyc as a system non-ideality. The v,r¢ is observed to
increase for the DR control (see Fig. 9a). This is because
the Cq. variation directly affects the p}_. generated for the
vg. regulation (see (5)). As a result, the RMS value of the
grid currents Irpss is reduced to 2.41A and the vy, settles
to 92.2V (Fig. 9a). Meanwhile, the proposed ADR model is
observed to regulate the vg4. to V. even with a 10% variation
in the Cy. (see Fig. 9b). Although a dip of Avyg. = 1.3V
is observed in wvg. during the transient, A corrects the vg.
by providing necessary adjustments to v}, through Nr. As a
result, the v4. smoothly converges back to V. Similarly, a
20%, 30%, and 40% variation in Cy,, is introduced at t = 2.0s,
t = 3.0s, and ¢t = 4.0s, respectively. The Irpss for DR control
is observed to reduce with the increase in Cy. uncertainty. As
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Fig. 9. Experimental result on the converter’s operation under model
parameter uncertainty and unmodelled dynamics using, (a) conventional DR
model [10], and (b) the proposed ADR model.

a result, the v,sy increases considerably during huge model
parameter variations. On the contrary, the proposed ADR
control effectively handles the model parameter uncertainty
and regulates the vg. to V, throughout the operation (Fig.
9b).

D. Case study 4: Effect of sensor imperfections

The experimental result comparing the performance of the
proposed ADR with the DR model under sensor imperfection
is shown in Fig. 10. In this study, the references are set as
V. = 100V and ¢* = OVAR. A 20% variation in the grid
current sensor readings is introduced as a system non-ideality.
Until £ = 2.5s, the conventional DR model generates the v,
Observe that the vg. fails to attain 100V and instead settles
at 91.9V. Such steady-state error of vorp = 8.1V in vg. is
significant and can affect the operation of loads connected
across the dc bus. The proposed ADR model is activated at
t = 2.5s. The vg. exhibits a smooth convergence to 100V
by eliminating the prevailing v,rs. This is because the NAL
of the proposed ADR model is designed to provide necessary
adjustments to v, to eliminate the v, s . In brief, the proposed
ADR control ensures a smooth convergence of v4. to V,
during sensor imperfection.
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Fig. 10. Experimental result on comparing the performance of proposed ADR
model with the DR model during sensor imperfection.

E. Case study 5: Comparison with PI controller

In this section, the effect of step-change in the converter’s
operating point on its dynamics for a traditional PI controller
is studied and compared with the proposed ADR model. To
have a fair comparison, the K, and K; of the PI controller
are designed for the values of ( = 2.5 and w,, = 20rad/s,
which was considered to obtain parameters Np and Ny of
the ADR model as discussed in Section IV-C. On substituting
¢ = 2.5, w, = 20rad/s, Vj, = 100V and R = 1002
in (23), the parameters K, and K; are obtained as 2 and
88, respectively. The experimental result demonstrating the
performance of the designed PI controller on the converter
operating with V; = 100V and load settings: R = 10012
and R = oo is shown in Fig. 11a. Observe that during the
step-response at ¢ = 0.2s, the dc bus voltage overshoots to
112.6V and possesses an under-damped response even though
¢ = 2.5 was selected for the design of gain parameters.
This is because the converter operates at a different point
(R = 1002) compared to the one considered while designing
the PI controller (R = 10f2). The designed PI controller
guarantees the desired dc bus voltage response of ( = 2.5
only if the dc bus load is R = 10§2. At t = 1s, the load
is disconnected from the dc bus (R = o0). Observe that
the dc bus voltage exhibits an undesirable oscillation with an
overshoot of 20.9V during the step-change. To understand this
behaviour, the effect of the converter’s operating point on the ¢
is studied and shown in Fig. 12. Observe that the nature of the
dc bus voltage response varies with the converter’s operating
point for a PI controller. As the loading in the dc bus decreases
i.e., R increases, the { declines significantly and falls less than
1. Hence, the converter exhibits an oscillatory dc bus voltage
response with overshoot when the load across the dc bus is
R =1009Q (¢ =0.45) and R = oo (¢ = 0.22).

The experimental result demonstrating the performance of
the converter using the ADR model set at V, = 100V with
R = 1002 and R = oo is shown in Fig. 11b. Observe that
the ADR model exhibits the desired dc bus voltage response
(¢ = 2.5) even when the converter’s operating point changes
(see Fig. 12). This is because the parameters Nr, N, and V,
designed for the ADR model are independent of the converter’s
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Fig. 11. Experimental result on the converter’s performance during a step-
change in its operating point when equipped with (a) traditional PI controller,
and (b) the proposed ADR model.
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Fig. 12. Effect of converter’s operating point on ¢ for the proposed ADR
model: Np = 200, Nj, = 108, v, = O.IVd*c; and traditional PI controller:
Kp =2, K; =88.

operating point. Unlike PI controllers, the ADR model ensures
the desired dc bus voltage response of ( = 2.5 for all operating
points.

VII. CONCLUSION

An ADR control for the power converters in microgrid
was proposed. Unlike conventional methods, the proposed



method utilized a discrete-time model that was easy to design
and implement in a digital control platform. Compared to
the conventional DR model, the proposed model was ca-
pable of handling non-idealities in the system such as the
sensor calibration errors/imperfections, unmodeled dynamics,
model parameter variations without compromising the over-
all converter’s performance. In addition, the proposed tech-
nique does not require an accurate model with all system
dynamics incorporated and/or additional dc side current sensor.
A theoretical foundation of the proposed ADR model was
derived to demonstrate the effect of its parameters on the
converter response, and a simple three-step design procedure
was developed to obtain the optimal control parameters. The
parameter N and Nj was selected such that ( > 1, while
V. was decided based on the PO design limit of the dc bus
voltage. Unlike PI controllers, the design of the proposed ADR
model was independent of the loading and voltage reference
value. The experimental results of the proposed ADR model
with FCS-MPC, out performed the conventional DR model
by demonstrating an effective dynamic convergence of the
dc bus voltage to its reference under system non-idealities.
In addition, the proposed ADR model always exhibited the
desired dc bus voltage response compared to the PI controller
during a step-change in the converter’s operating point.

APPENDIX A
DERIVATION FOR v} (t)

On substituting the initial conditions: % =0, v3.(0) =
Vi — Ve, Vi(0) = Vi — V. to (11), the v}.(s) can be
expressed as

_1 _1
NaTo S T w7z .
1 1 Vdc(s)
52 4 A5 + g

NRrTs NLTZ?

U;c(s) =
s(Vie = Ve)
52+ N;Ts s+ NLng

(24)

Applying step-response on (24), i.e., assigning V,(s) = V§C,
the v};.(s) can be obtained in terms of V. and V. as

1 1
NRgrTs sNLT?

2 1 1
St NSt N

s(Vie = Ve)
2+ N;TS s+ NLng .
(25)

'U;C(S) - Vd*c +

Through further simplification, (25) can be rewritten as

1 1 *
(s +xer 75NLT52> Vi —sVe

2 1 1
St NSt N

v (s) = (26)

For simplicity, the expression in the denominator of (26) can
be written as

2 2
1 0.5 T
2 /

= - 1 - 2 .

SN TN (HNRTs) +<< C>
(27)

From (16) and (27), (26) can be simplified as
(5 + 2z + @) Vi, —sVe

vi.(s) = (28)

(s + )2 +y?

Through partial fraction decomposition, (28) can be further
simplified as
1 ]
*, — *V*. o
Ud(,(s) s de (s+x)2—|—y2
Observe that y = 0 for ( = 1 (16). Thus, (29) can be
decomposed into two expressions based on ( as

Ve. (29)

Vi (s) = 1y — Gz Ve for ¢ #1 0
o %Vd*c - ﬁvs’, for C =1

Finally, applying the inverse Laplace transform on (30), the
expression for v} (t) presented in (15) is obtained.

APPENDIX B
DERIVATION FOR t,,
The expression for t,, is obtained by differentiating (15)
with respect to time and equating to zero. The differentiation
of (15) with respect to t is expressed as

_ V. (2mcosyt - (Ljﬁ) sinyt) e @ for ( #1
Vex (2 — wt) et for ( =1
(31)

dvj, (%)
dt

. . dvy, (tm)
On setting t = t,, and —4g-">

can be written as

= 0, the expressions in (31)

2xy
22 — 2’

tanyt,, = (32)

for ( #1,

for ( = 1. (33)

Tty = 2,

Unlike (33), the t,, in (32) has infinite possible solutions
due to the presence of a tangent function. Thus, the general
solution of (32) can be expressed as

tm = oy 1 tan~! (%) , where n € Z.  (34)

Y Y -

Since the first peak of the response is always maximum (see
Fig. 3), the ¢, is obtained by setting n = 0. However, when
x < vy, the obtained t,, becomes negative. Such solution
is undefined as t,, should always be positive. Therefore, a
positive t,, is obtained by setting n = 1 when x < y. From
(16), the expression z < y can be written as

z<§\/1—c2.

On simplifying (35), the range of ¢ for z < y is determined
as

(35)

¢ <1/V2.

Thus, n = 1 is considered for { < 1/ v/2 to obtain a positive
tm. From (33), (34), and (36), the expression for t,, under
different ¢ is obtained as presented in (18).

(36)
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