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Enhancing Stability of DC Cascaded Systems With

CPLs Using MPC Combined With NI and
Accounting for Parameter Uncertainties

Hongjian Lin

Abstract—Compared with the traditional passive- and active-
damping techniques for mitigating the impedance mismatch be-
tween the input impedance of constant power loads (CPLs) and
the output impedance of the dc link within dc microgrids, there is
a growing interest in leveraging model predictive control (MPC).
MPC is proven to have the advantage of addressing the impedance
mismatch issue, which leads to system instability and oscillations,
owing to its constant handling, multivariable control, predictive
capabilities, and optimization-based control. Nevertheless, the gen-
eralized MPC faces some technical challenges as it involves in-
tricate enumeration and operations in switching state selection
and observer design, thereby increasing computational complexity.
Moreover, issues such as variable switching frequency and a lack
of protection mechanisms impede its widespread application. To
overcome these challenges, this article proposes an MPC technique
employing a nonlinear inductor (NI) in the dc cascaded system
to enable its faster and more stable transitions. The proposed
controller utilizes the dead-beat principle to simplify the predictive
process and alleviate the digital implementation burden in the con-
trol stage. The incorporation of the NI extends the stability range of
the control-to-output transfer characteristics of the power conver-
sion stage with CPL. Subsequently, two Luenberger observers are
introduced, capable of handling load uncertainty and adapting to
changes in system parameters. The selection criteria and stability
analysis of the observer parameters are discussed. The proposed
MPC is simple to implement and operates at a fixed switching
frequency. Validation through simulation and experimental results
confirms the effectiveness of the technique in improving system
stability.

Index Terms—Constant power load (CPL), dc cascaded
system, model predictive control (MPC), nonlinear inductor (NI),
parameter uncertainties, stability improvement.
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1. INTRODUCTION

DVANCES inrenewable energy resources like solar power

and wind power, along with energy storage equipment,
have driven the adoption of dc cascaded systems in dc microgrids
(see Fig. 1) [1], [2], [3]. The main components of a dc cascaded
system contain a source converter and a load converter [4]. The
load converter, known as the constant power load (CPL), has
a negative incremental input impedance or negative damping
[5], which can result in an impedance mismatch with the output
impedance of the source converter. This mismatch adversely
impacts the power quality of the dc cascaded system, potentially
leading to oscillation or even output collapse [6], [7]. Thus,
addressing the instability issue in the dc cascaded system is
important.

Two commonly employed approaches for enhancing the sta-
bility of dc cascaded systems with CPLs are passive damping
and active damping, as reported in [8] and [9]. Passive damping
techniques involve the incorporation of resistors, capacitors,
and inductors in either parallel or series configuration between
the source converter and the load converter. These techniques
offer simplicity and eliminate the need for sophisticated control.
However, the utilization of passive damping methods results in
increased power dissipation and costs. In addition, for effective
compensation of the negative damping characteristics of the
CPL [10], [11], it is necessary to employ sufficiently large
values for the parallel R and series LC damping. The series LC
damping technique has been proven to be effective only when
the equivalent impedance Rcpy, is larger than /3L/2C [10],
[12].

Active damping is widely adopted to mitigate instability
issues. To enhance system stability, a compensation current
injection device was introduced in [13]. However, similar to
passive damping techniques, the incorporation of extra devices
introduces extra costs. To address these drawbacks, virtual
impedance techniques, as proposed in [8], [14], [15], [16], [17],
and [18], have been integrated into the modified control loop
to achieve an active damping effect akin to passive damping
techniques. These virtual impedances can be realized in either
the source-side converter or the load-side converter. In the case
of the load-side converter, extra feedforward active damping
control is used to eliminate negative impedance and match
the output impedance of the source converter, as discussed in
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Fig. 1. General structure of a DC microgrid with power electronics devices.

[13], [14], and [15]. Particularly, Chen et al. propose a concise
virtual impedance control strategy for CPLs, which has strong
load power adaptability and less negative impact on dynamic
performance. Conversely, the active damping approach in [8],
[16], [17], and [18] utilizes feedback to superimpose the refer-
ence voltage, wherein the actual output voltage is controlled to
track the new target reference voltage, which dynamically varies
based on the output current. Thus, the active damping technique
performs a similar function as the passive damping technique.

Although active damping techniques have gained significant
interest and popularity due to their straightforward structures
and effective outcomes, applying these techniques to nonlinear
power converters poses challenges due to their inherent lin-
ear design. System oscillation tends to result in wider power
fluctuations, implying that the compensation capability of these
techniques is confined. Furthermore, enabling active impedance
within a wide power variation can sometimes lead to a drop in
the output voltage [16].

Various nonlinear control techniques have been proposed.
They include sliding mode control [19], feedback linearization
[20], [21], and model predictive control (MPC) [22], [23], [24].
Sliding mode control designs sliding surfaces to generate the
duty cycle for the output power of the source-side converter,
ensuring stability requirements are met. Feedback linearization
control incorporates an optimized feedback loop to compensate
for the nonlinearity of the dc cascaded system, enhancing sta-
bility without the need for generalized proportional-integral (PI)
controllers. However, these techniques typically focus on single
objectives and lack flexibility in achieving multiple objectives
to improve system performance. In contrast, MPC techniques
utilize cost factors and weight factors to address multiple ob-
jectives such as fast current control, stable voltage control, and
fixed switching frequency [25], [26]. Despite their effectiveness,
the tuning of weight factor values remains a complex process.

This article proposes a novel approach to enhance the sys-
tem stability of dc cascaded systems. The technique combines
improved MPC controllers with the utilization of nonlinear
inductors (NIs) in the power conversion stage (PCS). By in-
corporating NIs, the stability range of the control-to-output
transfer characteristics of the PCS operating with CPL can
be expanded. Meanwhile, MPC offers advantageous features
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Fig. 2. Illustration of a DC cascaded system. (a) Boost converter with a
resistive load and a CPL. (b) CPL. (c) Negative impedance characteristics.

such as constraint handling, multivariable control, adaptability
to system variations, predictive capabilities, and optimization-
based control. To address parameter uncertainty, the control sys-
tem integrates two Luenberger observers, ensuring robustness
against parameter changes. Furthermore, the approach takes
into consideration fixed-frequency operation and over-current
protection to safeguard system operation.

Section II presents a comprehensive overview and analytical
expression for NIs. Section III conducts a comparative analysis
between NIs and fixed-value inductors (FIs) to assess their im-
pact on the control-to-output transfer characteristics of the PCS
with CPLs, emphasizing the advantageous stability-enhancing
attributes of NIs. The limitations of PI control techniques for
the PCS with NIs are identified, prompting the introduction of
MPC in Section IV. This section also encompasses the design
considerations for the inner current loop, outer voltage loop,
and observer. Section V presents the results of simulations and
experiments, providing empirical evidence in support of the
proposed method.

II. OVERVIEW OF NI CHARACTERISTICS

In Fig. 2(a), a dc cascaded system is depicted. The source
converter is a boost converter, where the input voltage is denoted
as Vi, and the output voltage as V. It draws an input current
represented by iny and delivers an output current denoted as
iout- It incorporates an output capacitor C;. The load on the
source converter comprises two types. The first type is aresistive
load denoted as Ry, while the second type is a CPL. The power
consumed by Ry, is represented as P, and the power consumed
by a CPL is denoted as Pcpr,. The current supplied to the CPL
is icpr,. The CPL is practically a converter, which is named a
load converter. It is illustrated in Fig. 2(b) using a buck converter
configuration outputting a load voltage Vipaq-

The most stringent operation is when Ry — oo, that is,
the load on the source converter is purely CPL. A mismatch
between the output impedance of the source converter and the
negative incremental impedance of the CPL can lead to system
instability. The controller in the source converter needs to ensure
system stability even when Ry — 0. Fig. 2(c) shows the input
impedance of the load converter. The load converter exhibits
positive resistance when the input voltage is below V. CPL
property starts when the input voltage is above Vyy,.
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Fig. 4. Change of inductance versus inductor current.

Fig. 3 illustrates two types of magnetic cores [7]. The first
one is a ferrite core with concentrated air gaps, commonly
employed to implement FIs. In this design, the permeability of
the core experiences a significant drop when the magnetic flux
density exceeds the saturation point, leading to demagnetization.
The purpose of incorporating air gaps is to prevent magnetic
saturation and subsequent demagnetization. Consequently, if an
inductor utilizes this type of core, its inductance will noticeably
decrease when the current surpasses the saturation point.

The second core type is a powder core with distributed air
gaps, typically utilized in the construction of NIs. In this con-
figuration, the inner path length is shorter than the outer path
length, resulting in a lower reluctance in the inner path. As the
current through the NI increases, magnetic saturation begins in
the inner path and gradually progresses to the outer path.

The soft saturation property will benefit the application due to
its high reliability in enduring sudden overcurrent. Fig. 4 shows
the change of inductance versus inductor current with the two
types of magnetic cores. With respect to a given NI inductance,
Lt and iny are expressed as

S Ar2
{ Ln = LNNI
ha= w5

o

(D

where p is the permeability of air, S is the coil cross-sectional
area, [ is coil length, F' is the magnetomotive force, and Ny is
the number of turns of the winding.

For the sake of analysis, the estimated relationship between
the inductance and current of NI is modeled by the following
formula:

. L min
LNI(ZNI) = ﬁw 2)
NI
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TABLE I
PARAMETERS USED IN THE ANALYSIS
Ci Rni, Rir LNimin, L1 k Vin Vout Rr
200 uF 03 Q 1.2 mH 02A? 12V 24V 0

where k defines the rate of change of Ln; with respect to int.

Based on the analysis of the NI characteristics, the soft
saturation performance emerges as a key factor in contributing
to the enhancement of system reliability. This is particularly
evident as the inductance of the NI gradually decreases with
the rise in dc current, as depicted by the analytical model in
(2). Consequently, the subsequent step involves demonstrating
the improved stability of the dc cascaded system through the
utilization of the NI in the PCS.

III. IMPACT OF NIS ON IMPROVING STABILITY RANGE

In this section, the augmented stability of the dc cascaded
system by integrating the NI is demonstrated. In addition, a
comparative analysis to assess the impact of FIs and NIs on the
control-to-output transfer characteristics of the PCS is conducted
when a CPL is connected at the output. Based on Fig. 2, a
continuous time-domain model can be expressed as [25], [26],
[27]

it Vin—ini(t) R Vout
St = Lo 4 [d(t) — 1)

dt LNI (3)
Woult) _ 1-d(t) (t) — Vou(t) _ PepL(t)
dt - Cq NI C1RRr VourC1

where d(?) is the duty cycle of the main switch of the source
converter.

In the following analysis, the worst-case scenario with Ry
— o0 is considered. Based on (3), the state variables are perturbed
around the equilibrium point with the quiescent duty cycle D. It
can be shown that the Jacobian matrices Jy; and Jnp for FI and
NI, respectively, are

_ Ry _1-D
L L
JFI = 1751 Pcp]]jl (4a)
C1 & Vo?n
_Bn _1-D
L L
Jn=| 1P o (4b)
C1 C1 V:fu

where Lg; and Ry are the inductance and resistance of the FI,
respectively, and Lyt and Ry are the inductance and resistance
of the NI, respectively.

Based on the parameters given in Table I, Fig. 5 shows the
trajectories of eigenvalues (A) in relation to Pcpy, with FI and
NI, respectively. The results demonstrate that as Pcpr, increases,
the eigenvalues associated with the NI consistently remain in
the left half plane. Conversely, with the FI, the eigenvalues
may transition into the right half plane as the power of the
CPL increases. These results indicate that utilization of the
NI effectively broadens the stability range, delivering enhanced
stability performance compared to the converter equipped with
FIL.

Building upon this inherent capability of the NI, Section IV
presents the integration of the NI into the MPC controller of
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the current loop to accomplish closed-loop control of the dc
cascaded system.

IV. PROPOSED MPC FRAMEWORK

As discussed hereinbefore, the generalized MPC controllers
in [22] and [24] result in a complex computational burden due
to the necessity for intricate arithmetic, enumeration, and opti-
mized operations. Moreover, the inclusion of variable switching
frequency and the absence of a protective function impede the
progression of these techniques. Notably, these techniques only
employ the FIs in the PCS, accordingly, the system stability
range cannot be improved inherently. Consequently, this sec-
tion will propose an improved MPC controller in the MPC
framework. It concurrently integrates the NI from (2) into the
current loop to simplify the digital implementation and expand
the stability range.

Based on the aforementioned consideration and for the sake of
realizing the dc cascaded system operation, the proposed MPC
framework comprises the following three key components:

1) the current loop;

2) the voltage loop;

3) the observers.

The design details of each component are outlined below.

A. Design of the Current Loop

The source converter operates in continuous conduction
mode. As illustrated in Fig. 6, each switching cycle is divided
into three time intervals. They are #;, t2, and #3. Within #; and
t3, the main switch S is OFF. Within 75, S; is ON. Equation (3)
is discretized into the following set of difference equations by
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using the forward Euler method to predict the NI current and
output voltage after one switching cycle:

int(k+1) = (1 — L) i (k) + [d(k) — 1] £ Vou (k) + £ Vin
Voulk +1) = 2= ZNI( )+ Voul(k) — s — Zeina(k)d(k)
()
where Ty is the sampling period. It is the same as the switching
period of S .
Equation (5) can be written in the form of

— AX (k) + Bd(k) + Ev

X(k+1) ©)
Y (k) =CX (k)
where
X (k) = [ini(k) Vou(k)]",
M1 — TiRNI 7LTS
A= T, 1__T J
L Cy C1 Repr
[ LL:;]V:)ut(k)
B = T
L —orima(k)
- T
E = L(S” },C:[l O],szin.

As shown in Fig. 6(a), the rate of change of the NI current is
assumed to be constant within each time interval. Based on (5)
and (6), we obtained

mi = Vin*iNI(E;”*Vout(k)
Mz = 7‘/‘"71}2(]]6 T (7
Mg = ‘/in_iNI?zl)ﬂ_%ul(k)

where m;;, m;2, and m;3 are the slopes within the time intervals
of t1, 15, and £3, respectively.

Subsequently, based on Figs. 6(a) and (7), int(k + 1) can be
expressed as

int(k + 1) = ini(k) + mirts + maats + musts. (8)

Assume that r; = 3. The modulation is centre-aligned. Thus
to = d(k)Ts

t1 = [1 —d(k)]T:/2 ©)

ts = [1— d(k)|T./2
By substituting (9) and (7) into (8), we obtained

T, .
ik +1) = (1— RN;I Yini (k)
L V- [1 — d(k)]Vou(F) . (10)
Ly

Based on the dead-beat principle and the optimal control
principle [28], [29], [30], in1(k+1) = inref, and hence

[int (k) — intret] Lt + [Vin — ini(k) Bai] T a1
V;)ul(k)Ts ’
To limit the amplitude of iy, the proposed MPC technique

predicts the rate of change of iny and ensures that the predicted
value of the NI current after one switching cycle does not exceed

(k) =1—
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the limit inyy,. Consequently, as shown in Fig. 6(b), the sum of ~ C. Design of Observers

in1(k) and the terms m;11; and mgoto must be less than inygp.
Thus

iNun = (k) + T KV — RNﬂNI) <1 + d(’f))

LNI 2
_ Vou(k)(1 — d(k)} .

5 (12)

Since the proposed MPC technique utilizes the predicted NI
current as the target current, the duty cycle dyy, is

du(k) = 2Lni[intn — ini (k)] — Ts[(Vin — Rating) — Vou
" T[(Via — Rrint) + Voud) '

(13)

Without loss of generality, inrn can be set to be equal to

intref. Both the duty cycles, d(k) and dyy,(k), are calculated using

iNTret @nd intsh, respectively, as per (11) and (13). Hence it is

nontrivial to obtain iny.er. The following section outlines how
INTref 18 derived.

B. Design of Voltage Loop

The PI controller shown in Fig. 2(a) forms the basis of the
generalized closed voltage loop. The difference between the
actual and target NI currents is fed into the PI controller to
calculate the duty cycle d(¢) for S; . However, according to [9] and
the discussion in Section III, the integrator of the PI controller
decreases the phase margin, ultimately reducing the stable range
of the dc cascaded system. An alternative controller is proposed.
Let P;, be the active power of the dc source voltage. Py is the
power loss of the NI. Under the steady state operation

P = Pepr, + Pai = ViaInier = PopL + Inpee Bt (14)

where Inrrer refers to the effective value of inprer and Rcpr,
represents the equivalent input resistance of the CPL.
Based on (14), Intref is calculated by

Vin V2 P
SR \| 4R, Rwi’

INtrer = 15)

Let the ripple around Int.ef be iN/]\ref, which is calculated by
Gp[Voutrer - Voutl, Where Gy, is the gain to amplify the differ-
ence between V¢ and Vi tref. The approximated instantaneous
target value of the NI current, i.e., iNTyef, 1S

A
iINIref = INtref + iNIref

_ VNI N
2RNI

V]\?I N P CPL
4R2, R

+ GP[V;)utref - %ut]- (16)

To improve system phase margin and stability, the outer volt-
age loop utilizes a model in (16), which excludes the integrator.
This approach offers advantages compared to the traditional
PI-based control.

Once the inner current and outer voltage loops are designed, it
becomes essential to observe and analyze the system parameters
to enhance its robustness.

This section designs observers to evaluate uncertain and un-
known parameters within the dc cascaded system. While the
generalized MPC techniques in [22] and [24] utilize nonlin-
ear disturbance observers and sliding mode observers (SMOs)
to estimate these parameters. Nonlinear disturbance observers
(NDOs) and SMOs involve complex arithmetic operations, in-
cluding high-order operations, which escalates the digital im-
plementation burden. Furthermore, the SMOs are susceptible to
instability when introduced to larger signals, resulting in unde-
signed shaking [31], [32]. Therefore, Luenberger observers are
introduced in this section for the system parameter estimation,
ensuring a simple control structure, fast dynamic response, and
high estimation precision, as compared to SMOs [33].

Regarding the duty cycles determined by (11) and (13), they
are dependent on parameters such as the source voltage and NI
resistance. As these parameters vary with operating conditions,
such as temperature, during operation, the system stability and
robustness can be negatively affected. It is crucial to devise
a solution to conduct online observation of these parameters.
Building upon the merits of the Luenberger observer described
hereinbefore, two Luenberger observers are designed. The first
one is used to estimate the source voltage and the NI resistance,
whereas the second one is used to estimate Pcpr,.

1) Observer 1 for Source Voltage and NI Resistance: From
(5), we get

dii _
de L

The first term

Vin — Rt Vour(t
mn NIZNI + [dopt(t) _ 1] OLUl( )
NI

The second term

a7)

where d,p,(?) is the duty cycle corresponding to (11) or (13). If
(11) is satisfied, dop (1) = d(f). Otherwise, dopi (1) = din(9).

Equation (17) comprises two terms, with the first term includ-
ing Vi, and Ryg. Thus, it is necessary to define

Vin — i1 (t) Bt

w(t) = 18
(6 = (18)
Thus
int(k + 1) = ina(k) + w(k)Ts + 4[d°p‘(k)7Lll,:/m“(k)TS (19)
w(k+1) = w(k).
In matrix form
Xi1(k+1)=A1X (k) + B[l — dopi(F)] (20)
Yi(k)=C11 X1(k+1)
. T 1 T
where X (k) = [ini(k) w(k)] ,A1 =] 0 1 l, Bi=

Ty T
LMVSm(k) } X (k) = [#(MT 0] ,and C1p = [1 0],

Based on (20), a Luenberger observer is designed as

X (k+1) = A1 X (k) + B1[1 — dop(k)]

+O[Y1 (k) = Y1 (k)]

Yik+1)=CnXi(k+1)

2L

where X (k) = [ini(k) w(l;)]T and O = [0; O,]". Matrix O
is the observer parameters for V;, and Ry.
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According to (21)

ui(l; +1)= wgﬂ) + O1lini(k) — iNI(];)]~
iNI(k + 1) = iNI<I{7) + Oq [ZNI(k) — ZNI(k)]
+TS[U/(]:?) . [1—dopt (k)] Vour (k) .

Lnt

(22)

Then, (11) and (13) can be written as

int (k) —intrer] Dni 4w (k) Ts L
d(k;) =1— [int (K) NIV:L].[(]I;”)Ti( )Ts Lt ;s
d (k) _ 2Lni[inn—ini] Lxi—w (k) Ts Lni+ Vou Ts (23)
i) = Vou (k) T+ Lyt () T '

Hence, the duty cycles d(k) and d;y, (k) become insusceptible
to the variations of the source voltage and the NI resistance.

2) Observer 2 for Popr: Based on (5), the derivative of the
output voltage is

dVout INT  Tout
=1 —dop(t)] 5+ — =
dt [ Opt( )] Cl 01
Equation (24) is discretized by the forward Euler method to
give

(24)

ini(k)  dou(k)
& o
(25)

A state-space mathematical model can thus be derived as

{ Xo(k+1) = Ay X o (k) + Ba[l — doy (k)]
Yok +1)=CepuXs(k+1)

Vou(k + 1) = Vou(k) = =T:[dopi(K) — 1]

(26)

1 0

where X 5(k) = [iow(k) Vou(k)]", Ay = [ T,/Cy 1

},Bz

=10 Tyini(k)/C1]", and Coy = [0 1].
To construct an observer for Pcpr,, (20) is expressed as

Xo(k+1) = Ay Xo(k) + Ba[l — dop(k)]

+P[Y2(k) — Ya(k)]
Yo(k+1)=CnXo(k+1)

27

. ~ T
where X5(k) = [iow(k) Vew(k)] and P =[p; ps]’. Ma-
trix P contains the observer parameters for Pcpr,.

From (23), we get
Pepr (k + 1) = Vou(k + 1)igu(k + 1).

The relationships among the actual variables, estimated vari-
ables, and observer parameters can be found in (21) and (27).

(28)

D. Design of Observer Parameters and Stability Analysis
From (20), (21), (26), and (27), we get
{X1(k’ +1)= X3 (k+1) = (A1 —0C11)[ X1 (k)— X1 (k)]

Xo(k+1)—Xs(k+1) = (Ay — PCy)[Xo(k) — Xo(k)].

(29)

Based on (29), for stable operation, it is essential that the ma-

trices (A1-0C11) and (A2-PC42) consist of only real numbers

to construct Hurwitz matrices. Specifically, the absolute values

of the eigenvalues for these matrices must be less than 1. That
is

1 —0.50; — 0.5,/0% + 4T, — 40,T,| < 1

0.5(2 — O1 + /O? + (4 — 40,)T,

(30)

<1
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1—0.5py — SR

2
1= 0.5py + SVCRENT |

€29

1) Design of Observer Parameters: To precisely quantify the
observer parameters, it is crucial to design the system such
that all eigenvalues are within the unit circle. Based on (21)
and (27), the control loops, which contain parameters Oy and
p1, respectively, exhibit faster dynamic response and higher
bandwidths. It is prioritized to tune O» and p; while keeping
01 and p, fixed. Accordingly, the parameters for observers 1
and 2 are interpreted as follows.

1) With—0.5 <01 <0.5and —0.5 < O < 0.5, the eigenval-
ues are placed, as shown in Fig. 7(a). Some eigenvalues are
outside the unit circle. However, if the range is confined
to O; = 0.5 and —0.5 < 05 < 0.5, all eigenvalues will
be inside the unit circle [see Fig. 7(b)], which implies that
for stabilizing observer 1, O; parameters are set by this
range.

2) To ensure the stable functioning of observer 2, the ini-
tialization of —0.5 < p; < 0.5 and —0.5 < p2 < 0.5
are assumed as well. However, as illustrated in Fig. 7(c),
this set of parameters results in a few eigenvalues located
outside the unit circle. To mitigate this phenomenon, the
parameter set of —0.5 < p; < 0.5 and py = 0.5 is utilized,
which brings most of the eigenvalues within the unit circle,
as can be observed from Fig. 7(d). Furthermore, if the
parameters are set to —0.5 < p; < 0 and ps = 0.5,
all eigenvalues will be located inside the unit circle, as
shown in Fig. 7(e). Hence, to ensure the stable operation
of observer 2, po = 0.5 and —0.5 < p; < 0.

3) To account for the impact of Ly; and Ci, since Lyy is
removed from the parameter matrix (A;-0C11), variation
of Lyt does not affect the observer stability. In terms of
the output capacitance C1, on account of the value of Cy
existing in (A5-PC22), it is crucial to discuss the impact
of C 1-

Initially, the observer parameters are set within the allowable
range, i.e., 01 = 0.5, O3 = 0.2, p; = —0.2, and ps = 0.5. As
depicted in Fig. 7(f), when the variation of the output capacitance
Cy,1i.e., ACy is within the range of +20%C1, the system remains
stable, which indicates that the appropriate observer parameters
enhance the system robustness.

2) Stability Analysis: According to (5), (16), (21), (27), and
(29), the system average state-space model represented as (32) is
derived. Based on this model, the location of eigenvalues of ma-
trices, as the control parameter Gy, in (16) varies, is investigated,
meanwhile operating under a practical scenario where the values
of Lnt and Ryy undergo +20% variation within the acceptable
tolerances. In addition, the observer parameters O1, O2, p1, and
p2 are determined by (29) to (31) and are kept constant in the
study.

Fig. 8(a)—(c) shows the results when G, equals 2, 6, and 10,
respectively. When G, equals 2 or 6, all eigenvalues lie in the unit
circle even if Lyt and Ryt undergo +20% variation. In general,
with a larger value of G, more than 10, the poles will be closer
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to the unit circle and the damping factor of the system will be
smaller.

Fig. 9 summarizes the overall control of the dc cascaded
system. The NI inductance is obtained by using (2). According
to (18), the system parameter w(k) at kth instant is calculated
through Vi, int(k), and Lyi(k). The estimations of the out-
put voltage Vout(lz: + 1), the output current iom(l:: + 1), and the
system parameter w(l%) are derived as per observers 1 and 2.
The value of the CPL power at (k + 1)th cycle is estimated by
(28). Based on Lyi(k), NI current inp(k), and target NI current
inTref(k) at the kth cycle, the proposed MPC technique outputs
the duty cycle d(k) or di,(k) to generate the gate signal. The

-1 -0.5 0 0.5 1

Real Axis
()

Trajectories of eigenvalues against Gy,. (a) G, = 2. (b) G, = 6. (¢) G = 10.

switching frequency is kept constant. The observers and the
system stability are also discussed to quantitatively select the
observer parameters, the sampling period, and the controller
parameter in (16).

Based on the above discussion, the function of the current
loop is used to determine the required duty cycle to make the
NI current reach the target current inyof in one switching cycle.
Equation (13) is the mathematical expression of the duty cycle,
where the inductance value of the NI is determined by the
formula given in (2). The function of the voltage loop is used
to regulate the output voltage by deriving the value of intyef for
the current loop in Section IV-B. In Section IV-C, the system
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stability against the control parameters is given. Based on the
comparative study in Section V hereinafter, it will be found that
the NI can enhance the system stability, as compared with the
system with an inductor of a fixed value.

V. VERIFICATION AND COMPARATIVE RESULTS

A. Simulation Results

To verify the effectiveness of the proposed MPC technique,
a dc cascaded system is simulated on MATLAB/Simulink. The
parameters used in the simulation are: Vi, = 12V, V,y = 24
V, Vioad = 12V, T4 = 20 us, and the switching frequency is 50
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Fig. 11.  Simulation results using different control techniques with NI upon
an abrupt change of the power level from 0 to 24 W. (a) PI control with NI.
(b) PI with the active damping technique given in [8] and NI. (c¢) PI with the
active damping technique given in [16] and NI. (d) Proposed MPC technique
with NI

kHz. The performances with NI and FI are compared. The value
of the FI is 2 mH. The NI has the same value of 2 mH when
the inductor current is 0 A. Its value becomes 1.1 mH when the
inductor current is 1 A.

1) Performance With PI Controller: In Fig. 10, the perfor-
mance of the system is shown when the two types of inductors
are used separately with a PI controller. The power level is set
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Fig. 13.  Simulation results of the system performance and the observer to
estimate the power of the CPL under the dynamic load changes.

at 12 W. It is observed that the NI improves the stability of
the system more effectively than the FI. This demonstrates the
advantages of using the NI for enhancing the stability of dc
cascaded systems.

2) Comparisons of Different Control Methods With NI: The
simulation results using different control methods combined
with NI are shown in Fig. 11. The NI current, output voltage,
and load voltage upon an abrupt change of the power level from
0 to 24 W are illustrated. Notably, the dc cascaded system is
unstable when employing a PI-based control technique with NI.
Low-frequency oscillations in the in1 and V,,, are observed, as
shown in Fig. 11(a).

Introduction of two active damping techniques, proposed in
[8] and [16], respectively, [see Fig. 11(b)—(c)] through feedfor-
ward and in feedback manners result in stable system operation
compared with the conventional PI-based control techniques,
accordingly with the settling time of approximately 0.05 s to
reach 95% of the steady-state value. Nevertheless, some degree
of ripples persists in the NI current and output voltage, due to
the presence of the integral gain within these techniques. When
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TABLE II
COMPONENT PARAMETERS FOR EXPERIMENTAL VERIFICATION

Parameters Symbol Value
NI inductance Lyt 2 mH
Parasitic inductor resistance Rt 03Q
Sampling period T 20 uS
Output capacitance Cy 200 uF
Quiescent duty cycle D 0.5
The input voltage Vin 12V
The output voltage Vout 24V

the proposed MPC technique [see Fig. 11(d)] is applied, it not
only guarantees stable operation of the entire system but also
facilitates fast dynamic response. The output reaches 95% of
the steady-state value after 0.03 s.

3) Current Limit: To test the current limit function of the
MPC technique given in (12), the power level of the system is
changed from 72 to 144 W, intentionally exceeding the limit of
the NI current. Fig. 12 shows that without the NI current limit, the
proposed MPC technique surpasses the NI current by more than
17 A [see Fig. 12(a)]. However, by implementing the proposed
MPC technique outlined in (12), the NI current is effectively
constrained to 16 A [see Fig. 12(b)] while maintaining a transient
period of approximately 0.2 s for V(. This capability is particu-
larly advantageous for protecting the dc cascaded system during
start-up and load-changing phases, where a surge in current may
occur.

4) Verification of the Robustness: To verify the performance
and the robustness of the observers proposed in Section IV-C,
the power of the CPL is changed from 12 to 24 W, and then to
48 W, as shown in Fig. 13. The proposed observer accurately
estimates Pcpy, while ensuring the stable NI current and output
voltage.

In Fig. 14(a), the system robustness under parameter varia-
tions is observed. The variations include 20% change in Vi,
Rn1, C1, and the parameter w. As depicted in Fig. 14(a), an
increase in these parameters leads to a decrease in the NI current,
attributed to the increased voltage across the NI. Importantly,
the proposed technique ensures both steady-state operation and
smooth dynamic transients. Fig. 14(b) shows the operation of
the dc cascaded system under the same uncertain parameters,
reduced by —20%. In this scenario, the NI current decreases
as the voltage across the NI diminishes. Furthermore, the dc
cascaded system exhibits stable performance in terms of both
output voltage and NI current, underscoring its resilience to
parameter variations, because the observers are integrated into
the proposed MPC approach.

B. Experimental Results: To further verify the effective-
ness of the proposed MPC technique, a small-scaled boost
prototype is implemented. The setup is shown in Fig. 15.
The part numbers of the components are silicon car-
bide (SiC) devices (SCT2120AFC), microcontroller (DSP:
TMS320F28379D), power source (GPC-3030D), and point-to-
load source (NID100-R1), and the oscilloscope (MDO3024).
The parameters are listed in Table II.
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Fig. 16 shows the system performance using two different
techniques: (PI4-FI) and (PI4+NI), which are also shown in
Fig. 10 for the sake of comparison. The (PI+FI) technique fails
to stabilize the system under this condition, whereas the (PI+NI)
technique succeeds in stabilizing the system from startup to
the steady state. It is worth noting that the inclusion of the
NI technique once again proves its effectiveness in enhancing
system stability.

The steady-state results of comparative experiments using
different control techniques combined with NI are shown in
Fig. 17. Corresponding with the simulation results in Fig. 11,
these experimental results present the NI current, output voltage,
and load voltage controlled at a power level of 16 W in a dc

Fig. 15.  Small-scaled prototype.
cascaded system, using the following:

Cin(k+1) 7T 0 —Gp 0 0 0 0 0 0 0
Vou(k + 1) ~T.[D(k) —1]/Cy 1 00 —T,/C 0 0 0 0
d(k+1) 0 0 10 0 0 0 0 0
w(k +1) Rt/ It GpRui/Int 01 0 0 0 0 0
fou(k + 1) 0 0 00 1 0 0 0 0
ini(k +1) Oy —[1 - D(k)|Ts/Lsa 0 0 0 (1-0) 0 T 0
Vou(k +1) T.[1 — D(k)]/C Do 00 0 0 (1—p2) 0 —T,Cq
w(k +1) hy 0 00 0 —0, 0 1 0

| dou(k+1) i 0 P1 00 0 0 -p1 0 ]

[ iNl(k) ] [ GPV;)utref 1
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w(k) el
iou(k) | + 10 (32)
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Fig. 17. Steady-state comparative experimental results of different control
techniques with NI in terms of the NI current, the output voltage, and the load
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based control technique with NI in [16]. (d) MPC-based technique with NI.
(Chl: 10V/div, Ch2, 10V/div, Ch3: 2A/div. Time base: 20 ms/div.)

1) the PI-based control technique with NI;
2) the active damping-based control techniques, proposed in
[8] and [16], with NI;

3) the proposed MPC with NI.

Of these control techniques, the proposed MPC with NI
demonstrates optimal stability in the dc cascaded system, with
the active damping based control techniques in [8] and [16]
combined with NI closely following, and the PI-based control
technique with NI giving the worst performance.

Fig. 18 presents the dynamic responses of various control
techniques combined with NI under a sudden load change. Both
the active damping-based control techniques with NI detailed
in [8] and [16], as well as the proposed technique, success-
fully stabilize the dc cascaded system at a power level of 12
W. However, when the power level is changed to 22 W, the
system experiences a long settling time in NI current and output
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control technique with NI in [8]. (b) Active damping-based control technique
with NTin [16]. (¢) MPC-based technique with NI. (Ch1: 10 V/div, Ch2, 2 A/div,
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voltage when employing the techniques described in [8] and
[16]. In contrast, the proposed technique continues to maintain
the stability of the dc cascaded system at this increased power
level, accomplishing this within an impressive 0.02 s transition
period.

To experimentally verify the effectiveness and robustness of
the observers proposed in Section III, an experimental test is
illustrated in Fig. 19, which examines the performance of the
system with variations of +20% in multiple parameters includ-
ing source voltage Vi,, NI resistance Ryp, output capacitance
Ci, and parameter w under the steady-state operation of the
system. As shown in Fig. 19, when these uncertain parameters
change by +20%, the dc cascaded system remains stable in terms
of the output voltage and NI current. The experimental result
indicates that the MPC technique incorporating the proposed
observers ensures system stability even in the face of parameter
uncertainty.

Fig. 20 experimentally investigates the system with the pa-
rameter variation under the dynamic operation of the system.
With respect to Fig. 20, the system operates stably under the
dynamic transition process, which demonstrates the robustness
of the proposed technique.

C. Comparative Study

Table III provides a comprehensive comparison of the pro-
posed MPC technique and state-of-the-art techniques in various
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TABLE III
COMPARISON OF EXISTING AND PROPOSED TECHNIQUES

Improving oo .
Technique Control stability ?wnchmg Overcur_rent Stt)udy of Resources Comp uting Memolgyg
range requency protection robustness time us usage (kB)
[10] PI+ M:2 0.12 12
. A:2
Passive M- 2
[13] dampin; ; 0.12 12
pine Fixed A:2
No M:2
[14] PI+ A2 0.12 16
Active Not
[17] damping discussed Not included M: 3 018 1
A3
M: 10
[18] . A:S 1.11 44
Variable D4
M: 15
(24] MPC Yes Al 1.44 72
D:4
M: 4
Proposed Discussed Fixed Included A7 0.495 32
D:1
*M: no. of multiplications, A: no. of additions, and D: no. of divisions.
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Fig. 19. Steady-state experimental results of the system performance under
the parameter uncertainty condition. (a) Aw = 20% of w and ACy = 20% of
Ci. (b) Aw = —20% of w and AC1 = —20% of C1. (Chl: 10 V/div, Ch2, 2
A/div, Ch3: 10 V/div. Time base: 10 ms/div.)

aspects. In terms of the control system structure, techniques in
[10] and [13] use passive damping, resulting in reduced system
efficiency, increased power losses, and costs. These demerits
are not associated with the active damping-based and MPC
techniques in [8], [16], [22], and [24], and the proposed MPC
technique. In addition, the proposed MPC technique improves
system stability through NI implementation, which is not pre-
sented in any of the techniques. Regarding the switching fre-
quency, techniquesin [8], [10], [13], [16], and the proposed MPC
technique use a triangle wave to set the switching frequency.
However, MPC techniques in [22] and [24] directly generate
PWM signals, which lead to unfixed switching frequencies.
In addition, the complex digital implementation caused by a
long-predicted horizon in [22] and [24] is not an issue with the

Fig. 20. Dynamic-state experimental results of the system performance under
the mismatched parameters from the power level of 12 W to 22 W. (a) Aw =
20% of w and AC1 = 20% of Cy. (b) Aw = —20% of w and ACy; = —20% of
C1.(Chl: 10 V/div, Ch2, 2 A/div, Ch3: 10 V/div. Time base: 10 ms/div.).

proposed MPC technique, which reduces the predicted horizon
by using the deadbeat principle and simplifies the digital imple-
mentation. Regarding robustness, the proposed MPC technique
and techniques in [22] and [24] introduce corresponding ob-
servers to ensure immunity to parameter uncertainty. To limit
the rush current, the proposed MPC technique considers the
NI current amplitude by the duty cycle in (12). This aspect is
beneficial to the practical application.

To further emphasize the simplicity of the proposed MPC
technique, a quantitative comparison of the controllers them-
selves is presented by focusing on the digital resources, the
computing time, and the memory usage. The PI controllers in
[81, [10], [13], and [16] require fewer multiplication, addition,
and division operations, accordingly resulting in less computing
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time and memory usage consumption. The MPC controllers
in [22] and [24] need to enumerate the optimized state and
conduct the derivative operation so that more digital resources
are required than the proposed controller, which applies the
dead-beat principle to reduce the prediction horizon.

VI. CONCLUSION AND DISCUSSIONS

This article introduces a novel approach that combines MPC
with the utilization of NIs in the PCS to enhance the stability of
dc cascaded systems with CPLs. The proposed technique offers
the following advantages.

1) Simplified implementation of MPC based on the deadbeat
principle, resulting in a reduced predictive horizon and
digital implementation complexity.

2) Expanded stability range of the control-to-output transfer
characteristics.

3) Improved steady-state and faster dynamic performance.

4) Inherent current limit capability within the MPC technique
eliminates the need for external hardware protection cir-
cuits, making it more practical for real-world applications.

5) Development of two observers to enhance system robust-
ness in the presence of parameter uncertainties. Guidelines
for quantizing the observer parameters to ensure stability
are provided, aiding in parameter selection.

The stability of the overall system is studied to determine
the controller parameters. A power electronic system typically
consists of two main components: PCS and the controller. Pop-
ular impedance-based stability improvement methods primarily
focus on developing advanced control schemes to address the
interaction between the PCS and CPL, without modifying the
PCS structure. In contrast, our approach aims to enhance the
stability of the PCS with CPL by first improving the open-loop
operation from the control signal to the output. The utilization
of NIs can broaden the stability range of the control-to-output
transfer characteristics. Subsequently, an MPC technique is
proposed to enhance the overall performance of the dc cascaded
system.

The key impact of the use of NI is that the current ripple
increases as Pcpr, increases. This is attributed to the fact that
the NI experiences a reduction in its inductance as its current
rises. However, it is important to note that, as long as, the current
ripple remains within an acceptable percentage, no detrimental
effects are observed.

Further research will be dedicated to applying NI to other
types of converters and enhancement of complex dc microgrids
that involve multiple voltage sources and loads.
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