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Design and Optimization of Instability Mitigation for
AC–DC Feeder Systems With Constant Power Loads

Using Artificial Intelligence Techniques
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Abstract—Most electrical power system loads are actively con-
trolled power electronics converters behaving as constant power
loads. These loads resemble a small-signal negative impedance that
can directly degrade the system stability margin and performance.
The active damping approach is widely used for instability mitiga-
tion. However, if the mitigation is applied at the load side, it can
affect the load performance. Therefore, this article presents a new
design method for instability mitigation by the artificial intelligence
method called the adaptive tabu search algorithm. After apply-
ing the proposed design method, the power system can maintain
stable operation until achieving the rated power. Moreover, the
load performance is better when the proposed design technique
is applied compared to that from the conventional design. Good
agreement among theoretical, simulation, and experimental results
is also achieved.

Index Terms—AC–DC power system, adaptive tabu search (ATS)
algorithm, constant power loads (CPLs), feedforward stabilizing
loop.

I. INTRODUCTION

I T is well known that regulated power converters behave as
constant power loads (CPLs) [1]–[3]. CPLs can degrade the

system stability [4]–[6], resulting in huge oscillations of voltage
and current responses. These oscillations may result in poor
performance until the controllers fail. Most research presents
the stability analysis via the averaging mathematical model with
Middlebrook’s criteria [7], [8] or the eigenvalue theorem [9],
[10]. Analytical results can then be used to predict the unstable
point and to understand the effect of parameter variation in
terms of stability. In [11], for example, the analytical results

Manuscript received August 29, 2021; revised November 12, 2021; accepted
December 13, 2021. Date of publication December 17, 2021; date of current
version January 19, 2022. This work was supported in part by the Suranaree
University of Technology (SUT), in part by Thailand Science Research and
Innovation (TSRI), and in part by the National Science, Research and Innovation
Fund (NSRF) under Project 90464. Recommended for publication by Associate
Editor M. Molinas. (Corresponding author: Kongpan Areerak.)

Ratapon Phosung, Kongpan Areerak, and Kongpol Areerak are with the
School of Electrical Engineering, Institute of Engineering, Suranaree University
of Technology, Nakhon Ratchasima 30000, Thailand (e-mail: ratapon@
sut.ac.th; kongpan@sut.ac.th; kongpol@sut.ac.th).

Theppanom Sopapirm is with the Department of Electrical Power Engi-
neering, Faculty of Engineering and Technology, Mahanakhon University of
Technology, Bangkok 10530, Thailand (e-mail: theppanom@mutacth.com).

Color versions of one or more figures in this article are available at
https://doi.org/10.1109/TPEL.2021.3136354.

Digital Object Identifier 10.1109/TPEL.2021.3136354

obtained using the eigenvalue theorem with the averaging model
show that the bandwidth of voltage loop control affects system
stability. The greater the bandwidth, the less stable the system.
However, if the unstable point occurs before the load is rated, the
prediction from the analytical result will not allow the system to
operate until the rated power is obtained. For this case, instability
mitigation is required to avoid unstable operation at the rated
power.

Mitigation techniques can be divided into two categories:
1) passive [12], [13] and 2) active [14]–[16]. In the passive
technique, passive components are added to the system to in-
crease system damping. The drawback of the passive method is
its increase in both loss and cost. The active mitigation technique
provides virtual impedance to increase system damping and can
be applied to three locations. The first location is the feeder side
[5], [14], [17]–[21] wherein the compensation algorithm can be
applied to the controller of the feeder systems. Unfortunately, if
the feeder-side system consists of uncontrolled power convert-
ers, such as a three-phase diode rectifier, the mitigation technique
cannot be applied at the feeder side. The second location is the
load (CPL) side [15], [22]–[29]. The mitigation signal can be
injected into the control loop of the load to directly eliminate
the effect of the CPL. The advantage of this technique is that
it can be applied to all CPL loads. However, mitigation at the
load side affects the load performance. If the feeder consists
of an uncontrolled converter and the load performance is very
important, the third and last location should be used. It is located
between the feeder and CPL and auxiliary circuits are required
[16], [30], and [31]. The drawback of this technique is that the
losses and costs are increased.

Regarding the above-mentioned techniques, this article fo-
cuses on the active method at the load side for instability
mitigation to avoid increasing loss and cost. The disadvantage
of mitigation on the load side is that it has an impact on the
load performance. Furthermore, the research on mitigation at
the load side in [25]–[29] focused solely on how to eliminate the
CPL effect without considering the load performance. The load
performance during the mitigation controller design process has
been the subject of research [22]–[24]. However, Wu et al. [22]
considered only the simple power system without the rectifier
unit, whereas in [23] and [24], the PI controllers were used to
tune the resonant frequency for minimizing the effect on the load
performance. These PI controller parameters are very difficult
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Fig. 1. AC–DC power system feeding paralleled controlled buck converters with active stabilization using a feedforward loop.

to design. Instability mitigation may fail if the appropriate PI
controller is not obtained. As a result, the active method, namely
the feedforward loop technique [22], [32], was used in this
article to eliminate the effect of the CPL. To determine the
compensated gain, as well as other feedforward loop parameters,
an artificial intelligence technique known as the adaptive tabu
search (ATS) algorithm [33]–[36] is used. The ATS searches
gain and parameters that may affect the load performance,
including those with the smallest known impact. The proposed
design using AI is flexible in which other AI algorithms can
be applied. The application of an artificial intelligence tech-
nique for instability mitigation has not yet been reported. The
proposed mitigation technique shows that the ATS algorithm
can decrease the drawback of instability mitigation located at
the CPL side. After applying the proposed mitigation method,
the system considered is always stable and exhibits optimal
performance; the effect of the CPL is eliminated. The proposed
concept of this article was validated by MATLAB simulation and
by experiment. Good agreement among theoretical, simulation,
and experimental results is achieved.

The rest of this article is organized as follows. The power
system considered by the mathematical model for the stability
analysis is introduced in Section II. The effect of CPL is also
presented in Section II. In Section III, the feedforward loop
is described to mitigate the instability. The ATS algorithm ap-
plied to determine the compensation gain and the feedforward
parameters is addressed in Section IV. The validation of the
theoretical analysis by simulation and experiments are presented
in Section V. Finally, Section VI concludes this article.

II. CONSIDERED POWER SYSTEM WITH CPL EFFECTS

The ac–dc power system considered in this study is illus-
trated in Fig. 1. The rated power of the proposed system was
determined to be 600 W. This system can be separated into
two parts. The first part is the feeder side of the dc bus in
which the balanced three-phase voltage source is connected
to a six-pulse diode rectifier with dc-link filters. This includes

parasitic parameters (represented by rL, Ldc, rc, and Cdc) via
the transmission line (represented by Req, Leq, and Ceq) to
provide the power to the dc bus. The second part, called the
load side, consists of controlled buck converters. The cascade PI
controllers designed via the classical method in [36] were used
to regulate the output dc voltage of both parallel buck converters.
The system parameters of Fig. 1, without the feedforward loop,
are given in the Appendix. The feedforward loop parameters
designed by the proposed method in this article will be further
explained in Sections III and IV.

For the case without the feedforward loop, the paralleled
buck converters with controls in Fig. 1 behave as CPLs. These
CPLs can degrade the system stability. Therefore, a stability
study is very important. In this article, the DQ method [9], [10]
was used to analyze a six-pulse diode rectifier model, whereas
the generalized state-space averaging modeling approach [37]
was used to derive the paralleled buck converters model. After
derivation, a time-invariant model of the entire system suitable
for the stability analysis by the eigenvalue theorem can be
achieved. Based on the procedure in [38] and [39], the dominant
eigenvalues of the system in Fig. 1 without the feedforward
loop are shown in Fig. 2, with simulation and experimental
validations shown in Fig. 3.

From Fig. 2 and based on the eigenvalue theorem, the system
will be unstable at PCPL1 and PCPL2 = 160 W (total CPL
equal to 320 W). Fig. 3 shows the simulation and experimental
validations of Fig. 2. It can be seen from Figs. 2 and 3 that
the system becomes unstable before reaching the rated power
(600 W). Therefore, the stabilization technique is required, as
explained in Section III.

III. FEEDFORWARD LOOP STABILIZATION

The proposed feedforward loop stabilization is given in Fig. 4.
The feedforward loop was only used on CPL1, the first controlled
buck converter. According to the literature review, mitigation on
the load side can affect the load performance. As a result, the
mitigation will be small enough to allow the system to operate
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Fig. 2. Dominant eigenvalue of the system without the proposed stabilization
technique.

at full power. In this article, simply connecting the feedforward
loop to CPL1 is sufficient; the system can be operated at rated
power (PCPL1 = 300 W and PCPL2 = 300 W) without unstable
operation. In contrast, if only one feedforward loop mitigation
is not sufficient, the instability mitigation will be applied to the
second CPL2. Based on the feedforward loop stabilization, the
CPL effect can be eliminated by detecting the output voltage
at the dc bus (Vdc). Vdc is then fed through the bandpass
filter, Cbp(s), to provide the oscillation signal (Vbpf) around the
resonance frequency of the filter circuit (ωr). In the steady-state
condition, Vbpf will be equal to zero because of the derivative
term within the bandpass filter. Therefore, the feedforward loop
will affect only the transient response. Thereafter, Vbpf is scaled
by multiplication with the proportional gain Kf. As a result, the
compensated signal Vstab is achieved and directly injected into
the control loop to generate the new voltage reference Vref1 as
calculated by{

Vref1 = V ∗
o1 + Vstab

Vref1 = V ∗
o1 +Kf

(ωL+ωH)s
s2+(ωL+ωH)s+ωLωH

Vdc
(1)

where ωL and ωH are the lower and upper cutoff frequencies,
respectively, and the center frequency (ωo) can be calculated by

ωo =
√
ωLωH . (2)

It can be seen that there are no additional passive components
or auxiliary circuits in the system when the proposed mitigation
technique is applied. Only the loop control is modified so as to
achieve no loss or additional cost.

From the PI controllers in the gray section of Fig. 4, the
error between Vref1 and Vo1 is adjusted via the control signal
as expressed by

d∗1 = − Kpi,1IL1

Ar,1
− Kpv,1Kpi,1Vo1

Ar,1
+

Kiv,1Kpi,1Xv1

Ar,1

+
Kii,1Xi1

Ar,1
+

Kpv,1Kpi,1V
∗
o1

Ar,1
+

Kpv,1Kpi,1KfVbpf

Ar,1

(3)

until it is equal to zero. As a consequence, Vo1 will be tightly
controlled to track Vref1.

According to (1) and (3), an appropriately compensated gain
(Kf), including the filter frequency ωL, ωH, and ωo, must be
designed. In this article, a design based on the proposed dynamic
model with the eigenvalue theorem, called the conventional
design method, is first introduced in Section III. The proposed
optimal design using the ATS algorithm will then be demon-
strated in Section IV. The mitigated system is expected to be
stable within the rated power (600 W). The details of the design
of the gain and filter frequencies are described as follows.

A. Conventional Design Method

The bandpass filter can be designed via the approach in [22]
and [32] in which the center frequency ωo is designed equally to
the resonance frequency ωr. As for the cutoff frequency, ωH is
defined to be two times the resonance frequency (2ωr), whereas
ωL is defined to be 0.5ωr. For the power system with parameters
listed in the appendix, ωL and ωH are equal to 71.64 and 286.57
rad/s, respectively.

Kf depends on the power level of the CPLs. Therefore, the
proposed averaging model was used with the eigenvalue theorem
to provide the appropriate Kf for stable operation. Details on
how to derive the dynamic model can be found in [38]. The
averaging mathematical model of the proposed ac–dc power
system feeding the paralleled buck converters with the feedfor-
ward stabilizing loop shown in Fig. 1 is given by the following
equation (16 state variables): (4) shown at the next page.

The dynamic model of (4) was linearized by the first-order
term of the Taylor series. The linearized model of (4) was then
used with the eigenvalue theorem with the system parameters
from the appendix and with the CPL fixed to the rated power of
600 W. The resulting dominant eigenvalue plot, when the gain
Kf was varied from zero to five, is shown in Fig. 5. It can be seen
from the trajectory of the eigenvalue in Fig. 5 that the dominant
eigenvalues (in black) are located at the right-hand side when
Kf ranges from 0 to 0.25. This means that the system becomes
unstable at PCPL = 600 W if Kf ≤ 0.25.

Fortunately, the system will operate stably again when 0.5 ≤
Kf ≤ 5. To confirm the analytical results, intensive time-domain
simulations were performed when the feedforward loop was
activated with Kf = 0.5 and Kf = 5, as given in Fig. 6. It can
be seen from Fig. 6 that PCPL,Total was initially set to 320 W
(PCPL1 = 20 W and PCPL2 = 300 W). At the initial state, the
system should be unstable at PCPL,Total = 320 W without the
proposed mitigation technique, as already investigated in Figs. 2
and 3. When the proposed mitigation was applied, the system
was stable, as shown in the initial state of Fig. 6. At t = 2.5
s, PCPL1 increased to 300 W. As a result, PCPL,Total becomes
600 W (rated power). At the rated power, the system can remain
stable following the theoretical result of Fig. 5. Moreover, it
is indicated that a larger Kf can generate a greater stability
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margin. Less oscillation of the output voltage at the dc bus can
be achieved when Kf is increased.

Focusing on the load performance, it can be observed from
the zoomed area of Fig. 6 that when Kf = 5.0, the Vo1 response
has a larger overvoltage compared with the Vo1 response for
Kf = 0.5. Based on the conventional design, Kf should be
sufficiently small to avoid the load performance effect. It can be
seen from Fig. 6 that the mitigation approach at the load side can
affect the load performance. The design of Kf is very important.
In this article, the ATS algorithm is used to overcome this
problem. The minimization of the load performance effect when

the proposed feedforward loop is applied will be explained in
Section IV.

Furthermore, it can be seen from Fig. 5 that when Kf is
increased, the dominant eigenvalues are changed from the black
poles to the red poles. To identify the contribution of the state-
variable as well as system parameters, the participation matrix
[calculated from the proposed model of (4)] for without mitiga-
tion (Kf= 0), lightly mitigation (Kf= 0.5), and highly mitigation
(Kf = 5.0) are given in Tables IV, V, and VI, respectively
(see Appendix). The condition for selecting the dominant mode
of the participation matrix is that if any eigenvalue λk = σk±jωk

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

•
Isd = −Req

Leq
Isd + ωIsq − 1

Leq
Vbus,d +

1
Leq

√
3
2Vm cos(λ)

•
Isq = −ωIsd − Req

Leq
Isq − 1

Leq
Vbus,q +

1
Leq

√
3
2Vm sin(λ)

•
Vbus,d = 1

Ceq
Isd + ωVbus,q −

√
3
2

2
√
3

πCeq
Idc

•
Vbus,q = −ωVbus,d +

1
Ceq

Isq
•
Idc =

√
3
2

2
√
3

πLdc
Vbus,d − (rµ+rL+rc)

Ldc
Idc − 1

Ldc
Vdc

− rcKpi,1

Ar,1Ldc
IL1

2 − rcKpv,1Kpi,1

Ar,1Ldc
IL1Vo1 +

rcKiv,1Kpi,1

Ar,1Ldc
IL1Xv1

+
rcKii,1

Ar,1Ldc
IL1Xi1 +

rcKpv,1Kpi,1

Ar,1Ldc
IL1Vo1

∗

+
rcKpv,1Kpi,1Kf

Ar,1Ldc
IL1Vbpf − rcKpi,2

Ar,2Ldc
IL2

2

− rcKpv,2Kpi,2

Ar,2Ldc
IL2Vo2 +

rcKiv,2Kpi,2

Ar,2Ldc
IL2Xv2

+
rcKii,2

Ar,2Ldc
IL2Xi2 +

rcKpv,2Kpi,2

Ar,2Ldc
IL2Vo2

∗
•

Vdc =
1

Cdc
Idc +

Kpi,1

Ar,1Cdc
IL1

2 +
Kpv,1Kpi,1

Ar,1Cdc
IL1Vo1

−Kiv,1Kpi,1

Ar,1Cdc
IL1Xv1 − Kii,1

Ar,1Cdc
IL1Xi1 − Kpv,1Kpi,1

Ar,1Cdc
IL1Vo1

∗

−Kpv,1Kpi,1Kf

Ar,1Cdc
IL1Vbpf +

Kpi,2

Ar,2Cdc
IL2

2 +
Kpv,2Kpi,2

Ar,2Cdc
IL2Vo2

−Kiv,2Kpi,2

Ar,2Cdc
IL2Xv2 − Kii,2

Ar,2Cdc
IL2Xi2 − Kpv,2Kpi,2

Ar,2Cdc
IL2Vo2

∗
•

IL1 = − Kpi,1

Ar,1L1
VdcIL1 − Kpv,1Kpi,1

Ar,1L1
VdcVo1 − 1

L1
Vo1

+
Kiv,1Kpi,1

Ar,1L1
VdcXv1 +

Kii,1

Ar,1L1
VdcXi1

+
Kpv,1Kpi,1

Ar,1L1
VdcVo1

∗ − Kpv,1Kpi,1Kf

Ar,1L1
VdcVbpf

•
Vo1 = 1

C1
IL1 − 1

R1C1
Vo1

•
Xv1 = −Vo1 + Vo1

∗ +KfVbpf
•

Xi1 = −IL1 −Kpv,1Vo1 +Kiv,1Xv,1 +Kpv,1Vo1
∗ +Kpv,1KfVbpf

•
Vdf = Vbpf

•
Vbpf = (ωL + ωH)Vdc − ωLωHVdf − (ωL + ωH)Vbpf
•

IL2 = − Kpi,2

Ar,2L2
VdcIL2 − Kpv,2Kpi,2

Ar,2L2
VdcVo2

− 1
L2

Vo2 +
Kiv,2Kpi,2

Ar,2L2
VdcXv2

+
Kii,2

Ar,2L2
VdcXi2 +

Kpv,2Kpi,2

Ar,2L2
VdcVo2

∗
•

Vo2 = 1
C2

IL2 − 1
R2C2

Vo2
•

Xv2 = −Vo2 + Vo2
∗

•
Xi2 = −IL2 −Kpv,2Vo2 +Kiv,2Xv,2 +Kpv,2Vo2

∗

(4)



PHOSUNG et al.: DESIGN AND OPTIMIZATION OF INSTABILITY MITIGATION FOR AC–DC FEEDER SYSTEMS 5389

Fig. 3. Simulation and experimental validations of Fig. 2.

Fig. 4. Cascade PI controllers modified by the feedforward loop.

has |σk|<ε (closed to the imaginary axis), or σk > 0 (unstable
pole), then this is a dominant mode at that operating condition.

From Table IV (without mitigation case) and Table V (lightly
mitigation case), it can be observed that the state-variables Idc
and Vdc participate most heavily in the dominant modes. As a
result, Idc and Vdc will be related to the black dominant poles
in Fig. 5. In Table VI (highly mitigated case), the state-variables
Idc and Vdf play the most important roles in the dominant modes.
As a result, Idc and Vdf will be related to the red dominant poles
in Fig. 5. It can be concluded that Ldc and Cdc (related to state-
variables Idc and Vdc) are significant for the cases of without

Fig. 5. Dominant eigenvalue plot for the ac–dc power system feeding CPLs
with a feedforward loop designed by the conventional method.

mitigation and lightly mitigation. The oscillation frequency of
the system response as well as the location of the dominant
poles depends on the parameters Ldc and Cdc. In contrast, for
the high mitigation, Ldc is still the main contribution. However,
ωH and ωL of the bandpass filter become more important than
Cdc. As a result, for the high mitigation case, Ldc and bandpass
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Fig. 6. Time-domain simulation results for investigating the efficiency of the
conventional design.

TABLE I
COMPARISON RESULTS BETWEEN THE CONVENTIONAL DESIGN METHOD AND

ATS DESIGN METHOD

TABLE II
PERFORMANCE COMPARISON OF Vo1 FROM THE SIMULATION RESULTS AT THE

RATED POWER OF FIG. 16

filter parameters are important in determining the oscillation
frequency of the system response.

IV. OPTIMAL FEEDFORWARD LOOP DESIGN

In this section, a new methodology for designing the feed-
forward loop is introduced. The ATS is selected for the optimal
design because it was proven in [33] that this algorithm can
provide the convergence property and capability to escape the
local solution.

TABLE III
PERFORMANCE COMPARISON OF Vo1 FROM THE EXPERIMENTAL RESULTS AT

THE RATED POWER OF FIG. 16

Fig. 7. Random S0 in search space.

A. ATS Algorithm

The ATS algorithm is improved from the tabu search (TS)
method by adding two mechanisms namely back-tracking and
adaptive search radius. The modified version of the TS method
has been named the adaptive tabu search of ATS.

The ATS algorithm can be outlined as follows.

Step 1: Initialize the tabu list TL, and Count (several searches
round) = 0.

Step 2: Randomly select the initial solution S0 from the search
space. S0 is set as a local minimum and S0 = best_neighbor
as shown in Fig. 7.

Step 3: Update Count, then randomly select N new solutions from
the search space of a radius R. Let S1(r) be a set containing N
solutions as shown in Fig. 8.

Step 4: Compute the cost value of each member of S1(r). Then,
choose the best solution and assign it as best_neighbor1 (see
Fig. 8).

Step 5: If best_neighbor1 < best_neighbor, then keep
best_neighbor in the TL, set best_neighbor = best_neighbor1
(see Fig. 9), and set S0 = best_neighbor (see Fig. 10). Other-
wise, put best_neighbor1 in the TL instead.

Step 6: Evaluate the termination criteria and the aspiration
criteria. If Count ≥ MAX_Count (the maximum number
allowance of search round), stop the searching process. The
best solution available right now is the best solution overall.
Otherwise, return to Step 2 and repeat the search until all of
the conditions are met (see Fig. 11).

Back-tracking allows the system to go back in time and look
up previous solutions in TL. The better solution is then selected
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TABLE IV
PARTICIPATION MATRIX FOR WITHOUT MITIGATION CASE

TABLE V
PARTICIPATION MATRIX FOR LIGHTLY MITIGATION CASE

from the current and previous solutions. The back-tracking
process is depicted in detail in Fig. 12.

Given this new search space to explore, the search process is
likely to have more chances of escaping from the local optimum.

The back-tracking mechanism can be added into Step 5 to
improve the searching performance.

During the searching process, the adaptive radius process,
depicted in Fig. 13, reduces the search area. The adaptive radius
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TABLE VI
PARTICIPATION MATRIX FOR HIGHLY MITIGATION CASE

Fig. 8. Neighborhood around S0.

mechanism was formed to adjust the radius (R) based on the cost
of the solution. The criterion for adapting the search radius is
given in

radiusnew=
radiusold

DF
(5)

where DF is a decreasing factor. The adaptive search radius
mechanism can be added to the end of Step 6 to improve the
searching performance.

The ATS will search the feedforward parameters (Kf, ωL,
and ωH) until the optimal solution can be achieved, resulting in
the minimum load performance effect. A block diagram for the

Fig. 9 Assign a new best_neighbor.

optimal feedforward loop design by the ATS algorithm is shown
in Fig. 14. The stability analysis via the proposed dynamic model
with the eigenvalue theorem was used as the penalty condition
during the search process.

The details of the design process are explained as follows.

Step 1: Define the PCPL1 via the command input V ∗
o1. In this

article, PCPL2 is always set to 300 W (rated power of the sec-
ond buck converter). There are the following four conditions
for setting PCPL1:

Condition 1: Changing PCPL1 from 20 W to 100 W;
Condition 2: Changing PCPL1 from 100 W to 180 W;
Condition 3: Changing PCPL1 from 180 W to 240 W;
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Fig. 10. Assign a new S0.

Fig. 11. Searching process in the next iteration.

Fig. 12. Back-tracking in the ATS algorithm.

Fig. 13. ATS algorithm with adaptive search radius mechanism.

Fig. 14. Process diagram for the optimal feedforward loop design by the ATS.

Condition 4: Changing PCPL1 from 240 W to 300 W.
These conditions depend on the engineers. In this article,

PCPL1 was set from 20 W to the rated power of the first buck
converter, 300 W. The important criteria for setting PCPL1 is
only that PCPL1 must be varied from the unstable point level to
the rated power. The sampling power for setting the conditions
can be defined arbitrarily.

Step 2: Evaluate the eigenvalues for each condition by the
Jacobian matrix A(xo, uo) of the proposed model, as given in
(4), with the system parameters given in the Appendix and the
feedforward loop parameters from the ATS. The cost value for
the stability condition (wst) can be calculated by (6), which
means that if the system is stable Re{λ} < 0, wst is set to 0.
In contrast, if the system is unstable, wst is set to a huge value
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for the penalty condition, which is set to 10 000 here

if Re{λ} < 0
wst = 0

else
wst = 10 000

end.

(6)

Step 3: Calculate the Vo response for each condition using the
proposed model, as given in (4), with system parameters from
the appendix and the feedforward loop parameters tuned from
the ATS. The cost value for the performance condition (wpf)
can be calculated by

wpf = α

(
Tr,ATS

Tr,CON

)
+ β

(
Ts,ATS

Ts,CON

)
+ γ

(
P.O.ATS

P.O.CON

)
(7)

where Tr,CON, Ts,CON, and P.O.CON are, respectively, the rise
time, setting time, and percent overshoot of Vo response when
the feedforward loop is designed by the conventional method
under the same operating conditions with the ATS method. α, β,
andγ are the priority coefficients of Tr, Ts, and P.O., respectively,
in which the summation of these values must always be equal
to 1. For design in this article, the values of α, β, and γ are set
to 0.33, 0.33, and 0.34. This is because the Tr,ATS, Ts,ATS, and
P.O.ATS are equally significant.

Step 4: In this article, the cost value for the optimal design (W)
is expressed in (8), in which both the stability analysis and
the output performance are considered. The ATS will tune the
feedforward loop parameters Kf,ωL, andωH until the optimal
solution can be achieved (minimized W). The conditions used
in the design were set from Step 1. Hence, n in (8) is set to
four. The number of iterations is set to 100 as the termination
criteria of each trial. As for the setting boundary, the setting
methodology is based on the conventional design. The upper
and lower limits of Kf, ωL, and ωH are set to [0.5, 5.0],
[14.329 rad/s, 91.29 rad/s], and [286.57 rad/s, 1432.9 rad/s],
respectively

W =

n∑
i=1

wpf,i + wst,i. (8)

The resulting feedforward loop parameters, including their
cost values represented by W, are given in Table I. It can be
explicitly demonstrated from W that the ATS design method
provides optimal output voltage performance compared with the
conventional design method. To validate the proposed optimal
design, a simulation using the MATLAB topology model and
experimental results are presented in Section V.

V. SIMULATION AND EXPERIMENTAL VALIDATIONS

The proposed ATS design for the feedforward loop stabiliza-
tion can provide the optimal output voltage response. Moreover,
the system is always stable. In this section, the verification of
the theoretical results by intensive time-domain simulation using
MATLAB is reported alongside the detail of the experiment. The
experimental rig of the considered ac–dc power system feeding
two actively regulated buck converters is shown in Fig. 15.

Fig. 15. Schematic diagram of the experimental rig.

The three-phase ac distribution system was represented by a
programmable ac source. The feedforward stabilizing loop was
applied to only the first buck converter following the schematic
diagram of Fig. 1.

The efficiency tests of the proposed feedforward loop de-
signed by the ATS will consider two cases: The first case is that
the system should be stable until the rated power can be achieved,
and as for the second case, after applying the feedforward loop
for instability mitigation, the load performance designed from
the ATS must be better than those designed from the conven-
tional approach. The resulting Vdc and Vo1 waveforms (from
simulation and experiment), using the proportional gain includ-
ing the cutoff frequencies designed from both conventional and
ATS methods for changing the total power level from 320 to
600 W, are illustrated in Fig. 16.

Fig. 16 confirms that the system always remains stable within
the rated power, although the CPLs are continuously increased.
This is indicated by the time-domain response of Vdc under
various operating conditions. As for an output voltage regula-
tion performance comparison, the details of the simulation and
experiment in the zoomed area of Fig. 16 demonstrate that the
ATS can provide optimal output performance. The performance
comparison at the rated power is addressed in Table II from the
simulation results and Table III from the experimental results.
These tables present that ATS design can provide a significant
improvement in terms of Ts and P.O. Tr, on the other hand,
is slightly slower. However, the overall performance can be
improved.
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Fig. 16. AC–DC power system feeding paralleled controlled buck converters with active stabilization using a feedforward loop.

Overall, good agreement among analytical, simulation, and
experimental results is confirmed. The system without the pro-
posed stabilization becomes unstable when PCPL, Total equals
320 W. After applying a feedforward loop that includes the ATS
algorithm, the destabilizing effect can be eliminated to maintain
stable operation and optimal load performance is achieved.

VI. CONCLUSION

In this article, the application of the ATS algorithm for active
stabilization via a feedforward loop has been introduced. The
new design technique has been used to eliminate the instability
effect due to CPLs and to overcome the load performance effect
when mitigation is applied to the load side. As a result, the pro-
posed ac–dc power system remains stable until the rated power
can be achieved. The load performance with mitigation designed
from the ATS method is also better than that designed from the
conventional method. Moreover, good agreement among theo-
retical, simulation, and experimental results has been achieved.
Based on the proposed design technique, other AI techniques,
such as the genetic algorithm, particle swarm optimization, etc.,
can be applied to design feedforward loop parameters instead of
the ATS algorithm. Moreover, the analysis of the feedforward
loop in this article is still useful even two or more variable power
CPL is applied. If more CPL is applied, the mathematical model
has derived again. After that, the new dynamic model can be
used with the ATS algorithm following the process diagram of
Fig. 14.

APPENDIX

The system parameters: Vs = 40 Vrms/phase, ω = 2π×50
rad/s, Req = 0.0586 Ω, Leq = 248.73 μH, Ceq = 2 nF, rL =
0.2756 Ω, Ldc (ΔIdc ≤ 0.6 A) = 39.0002 mH, rc = 0.5280 Ω,
Cdc (ΔVdc ≤ 0.26 V) = 1248.88 μF, L1 = L2 (ΔIL ≤ 0.2 A) =
15 mH, C1 = C2 (ΔVC ≤ 2.8 mV) = 1000 μF, R1 = R2 = 10
Ω, Ar,1 = Ar,2 = 5, Kpv,1 = Kpv,2 = 0.1513, Kpi,1 = Kpi,2 =
15.7914, Kiv,1 = Kiv,2 = 1.4102, Kii,1 = Kii,2 = 1265.8, and
fsw,1 = fsw,2 = 10 kHz.
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