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A B S T R A C T   

Voltage boost converters are one of the most important components of DC microgrids, since they are used to 
enhance the voltage of naturally intermittent energy sources such as solar panels in order to feed unknown 
demands. In this work, a novel tuning algorithm for Composite Nonlinear Feedback (CNF) is studied in depth to 
improve transient performance and address output voltage regulation for a DC-DC boost converter in the pres
ence of DC input uncertainty. The proposed CNF controller comprises both linear and nonlinear feedback terms. 
The linear part contributes to the stability and output tracking with a small damping ratio and a quick response. 
The nonlinear part, i.e., damping term, reduces the overshoot stemming from the linear feedback law and in
creases the damping ratio of the overall closed-loop system. The nonlinear part is automatically tuned whereby 
the transient performance of the DC-DC boost converter improves significantly. To assess the performance of the 
proposed technique, a boost converter is simulated in MATLAB Simulink considering different scenarios such as 
changing load, DC input, and voltage reference. The numerical results demonstrate that the tuned CNF controller 
outperforms the linear controller in the DC boost converter. Additionally, several experiments are conducted to 
validate the efficacy of the suggested technique.   

1. Introduction 

Energy consumption has increased significantly in recent decades, 
leading to the use of energy production potentials. [1]. Electrical power 
may be generated by transforming non-conventional renewable energy 
sources such as wind and solar into grid-compatible forms. Electronic 
power converters may be employed in a broad range of voltage control 
applications via the utilization of microgrids [2]. Therefore, one of the 
most important regulation functions may be found in DC microgrids, 
especially DC-DC boost converters. The underlying aim is to generate a 
steady load voltage, albeit with input voltage perturbation and load shift 
[3]. It is critical to employ an appropriate control strategy in order to 
address this subject. 

The previous works related to the control of boost converters are 

discussed briefly, as follows. A mixture of conventional proportional- 
integral-derivative (PID) controllers has been used in numerous in
vestigations. For example, A cascade control strategy was presented to 
address voltage regulation. To achieve the goal, a dual loop control 
method was devised, including model predictive control (MPC) in the 
inner loop and a proportional-integral (PI) controller in the outer loop 
[4]. Also, the reference governor concept has been applied to PID-pre- 
compensated DC boost converters. Intending to improve performance, 
the MPC approach optimizes such a control strategy. A current observer 
has also been developed to acquire knowledge about state variables [5]. 
Similarly, with a dual-loop hybrid DC-DC boost converter, efforts have 
been made to modify the sliding mode control technique based on 
classical PI controllers [6]. Besides, an active capacitor voltage 
balancing control method has been fully introduced for a boost 
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converter based on the average-behavior circuit model. Furthermore, a 
proportional (P) and a PI controller have been designed for voltage 
balancing control loop and output voltage regulation [7]. In the pres
ence of uncertainty and external disturbances, to stabilize a non- 
minimum phase DC-DC boost converter, a robust PID controller was 
designed utilizing quantitative feedback theory (QFT) [8]. Parameters 
adjustment and sensitivity are two of the most challenging aspects of 
classical PID controllers. 

In [9], a nonlinear tracking approach, i.e., energy-shaping with a 
self-tuner mechanism and disturbance observer (DOB), was used to 
provide the control law for a DC-DC boost converter. The primary 
drawback of this study is that it designs the controller without consid
ering the effect of input saturation on the system. In [10], a Min-Type 
control strategy for a synchronous boost converter based on a 
nonlinear switching surface was investigated using sliding mode. 
Furthermore, another dual-loop control strategy based on flatness con
trol has been applied to output series interleaved boost converter inte
grated into a fuel cell. In addition, a state observer is coupled with such a 
method to tackle input voltage uncertainty. The inner loop and the outer 
loop were devoted to current tracking and output voltage regulation 
respectively [11]. In [12], three-phase interleaved boost converters have 
undergone the decoupled master–slave current balancing control theory 
extended to interleave N-phase DC-DC converters. Moreover, for a 
Floating Interleaved Boost Converter (FIBC) combined with a fuel cell, a 
dual-loop control mechanism was proposed to yield a constant output 
voltage. The inner loop controller is based on a super-twisting sliding 
mode algorithm and the outer loop employs active disturbance rejection 
control (ADRC) [13]. In the presence of unknown disturbance and model 
uncertainty, a composite technique comprising MPC and DOB has been 
applied to the DC boost converter to enhance the steady-state error. The 
MPC yields appropriate tracking performance, while the DOB eliminates 
steady-state error [14]. By minimizing a criterion function, the MPC 
theory has been used to control switching in boost converters. A sliding 
mode observer has been devised to estimate unknown variables in order 
to implement such an approach [15]. In addition, pole placement in the 
desired location [16] and a combination of Kalman filter and MPC [17] 
have been investigated for controlling DC-DC/AC and DC-DC, respec
tively. In [18], the Hamiltonian function was used to study the control of 
a multi-phase interleaved boost converter supplied by a fuel cell. 

Moreover, the well-known Linear Quadratic Regulator (LQR) has 
been studied in many investigations. For instance, Dorin O. Et al. [19] 
have used the loss equation as the performance index for a boost con
verter to enhance the LQR. One of the main drawbacks of LQR-based 
methods is that they are not designed robustly against parameter vari
ations and input saturation. Likewise, several control strategies were 
applied to a boost converter coupled with a fuel cell. For example, 
Average Current Mode Control (ACMC), LQR, and two modifications of 
LQR based on the PI controller have been designed to reduce the effect of 
the series resistance of the output capacitor [20]. A robust LQR based on 
Linear Matrix Inequality (LMI) minimization technique [21] has been 
proposed, as well as an extension of LQR to parallel-connected DC-DC 
boost converters [22]. Similarly, for interleaved DC-DC boost converters 
integrated into a fuel cell, a combination of two traditional approaches 
has been thoroughly investigated. On the one hand, for output regula
tion, the LQR technique was used. On the other hand, the well-known 
genetic algorithm (GA) has been applied to the LQR controller to opti
mize the weight matrices in order to achieve better performance [23]. 
Despite its popularity, the LQR is a traditional approach. Additionally, 
the GA optimization approach has some restrictions such as being 
computationally intensive and requiring offline operations. In contrast 
to conventional CNF methods, a new online passive-based approach has 
been applied to the CNF controller merely for nonlinear systems [24]. 

A unique composite nonlinear controller for boost converters is 
developed in [25]. This work’s primary objective is to add a stabilizer 
under a demanding persistent power load. A nonlinear disturbance 
observer is included in a backstepping manner to estimate the load 

fluctuation with a quick and precise dynamic response, taking into 
consideration the converter’s nonlinearity. This work responds 
adequately even under conditions of heavy loading. This method’s 
dependence on the converter parameters might be listed as one of its 
drawbacks. For the islanded multi-bus DC microgrids, [26] applies a 
uniform nonsmoothed control technique. This method ensures large 
signal stabilization of the microgrid. Towards the practical imple
mentation, the complex line impedance is taken into account. The 
power-sharing level of the control architecture is done using a decen
tralized approach. Weighted homogeneity matrices have been used to 
accomplish this. In this study, a nonsmoothed high gain observer is 
designed for external disturbances from other grid zones, however, it 
does not take the system uncertainties into consideration. In the pres
ence of input voltage and parameter change, it may adversely influence 
the robustness of this methodology. A mixed MPC-sliding mode 
controller for a hybrid energy storage system is proposed in [27]. A 
sliding mode observer is created as compensation for the disturbances, 
however, because of its nonlinear character, it may have a negative 
impact on the system’s stability under unpredictable circumstances. The 
primary drawback of this technique is that the controller parameters are 
fixed and incapable of being adjusted in response to an unexpected 
change in the system. An open-loop control scheme has been proposed 
by implementing a unity power factor strategy to enhance the perfor
mance of boost rectifiers when dealing with low conversion rates in 
discontinuous conduction mode (DCM). While having the virtue of 
constant switching frequency, it can be considerably intricate in nature 
[28]. In [29], A small-signal model of DC-DC PWM converters operating 
in DCM has been introduced and applied to a buck-boost converter. 
Nevertheless, a significant limitation of this linear control scheme is its 
inability to support nonlinearity. Besides, such a control technique has 
been designed for the ideal converter switching-cell working in both 
continuous and discontinuous conduction mode [30]. In addition, A 
systematic synthesis of hybrid feedforward control strategies was 
developed using the open-loop characteristics of PWM switching con
verters [31]. The final and crucial point to note in power converter 
control is that conventional feedback loop designs in DC-DC switch 
mode systems, previously utilized, rely on frequency domain analysis 
after linearization around the operational point. The main concern ari
ses when faced with a Right Half Plane Zero, which significantly limits 
the bandwidth of the closed-loop system [32]. 

The CNF controller consists of a nonlinear and a linear term. At first, 
the linear feedback law is designed and then used to construct the 
nonlinear feedback law. The linear component is utilized to create a 
closed-loop system with a low damping ratio and fast response. How
ever, the linear feedback law provides a significant overshoot while 
remaining within the actuator’s limits. The nonlinear feedback law has 
been designed in such a manner that it eliminates overshoot stemming 
from the linear control law by increasing the overall closed-loop 
damping ratio. 

In this study, a composite nonlinear strategy is proposed to control a 
DC-DC boost converter supplied by an uncertain DC input; and not solely 
to generate a constant output voltage, but also to remove the large 
overshoot. The DC boost converter model is preliminarily presented and 
then, the CNF control theory is employed intending to achieve such an 
objective. Initially, the linear control law is optimally designed taking 
into account the polytypic uncertainty as well as input saturation, 
resulting in a small control feedback gain. The feedback has a low value 
since it is meant to provide a control force that is bounded between 0 and 
1, leading to substantial overshoots. The nonlinear portion is tasked with 
the duty of improving transient performance for such systems. As a result, 
the damping term is calculated in the second step to overcome such dif
ficulty. To enhance the transient performance, a novel tuning algorithm is 
proposed. Then, the CNF controller is applied to the DC boost converter 
connected to an uncertain DC input and implemented in MATLAB/ 
Simulink under different scenarios. For further evaluation, a practical test 
is also performed. The main novelties of this paper are as follows: 
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• The CNF approach is used on the boost converter.  
• The MPC technique is used as a linear component that takes into 

account system uncertainty and input saturation in the designing 
procedure. 

• A new CNF parameter tuning approach is proposed that automati
cally updates the regulating parameters to decrease output 
overshoot. 

• The input saturation is taken into account by the online CNF pa
rameters optimizer throughout the tuning process. 

In Table 1 the characteristics of this method are compared with two 
algorithms of generalized predictive control (GPC) and finite set model 
predictive control (FS-MPC). 

The organization of this paper is as follows. In Section 2, the DC-DC 
boost converter model is described. In addition, the CNF control theory 
is developed in Section 3. Moreover, simulation, quantitative and 
illustrative outcomes are reported in Section 4. The experimental veri
fication is presented in Section 5. Finally, in Section 6, noteworthy 
consequences are summarized. 

2. Converter model 

The DC-DC boost converter’s architecture is shown in Fig. 1. This 
converter has a direct current input that receives power from DC sources 
such as solar panels, and fuel cells. Three main elements of an inductor, a 
diode, and a power switch are used to increase the input voltage in this 
system. A capacitor is connected to the boost converter’s output, which 
helps to stabilize and minimize the ripples in the output voltage. Finally, 
a load in form of controllable resistors is connected to an output 
capacitor. 

The following is a short description of the converter modeling: 

L.
dIL

dt
= VDC − Vo(1 − d) (1)  

C.
dVo

dt
= IL(1 − d) −

Vo

R
(2)  

where VDC is the input voltage, Vo is the output of the converter which is 
also the voltage of the capacitor, L and C are the inductance and ca
pacitors, respectively. d is the duty cycle of the power switch, R1 and R2 
are the resistive loads connected to the converter’s output. The model 
needs to be linearized around the equilibrium point. Besides, to elimi
nate the steady-state error of output voltage under load shift and input 
voltage uncertainties an integral part is augmented to the state space 
model. The required quantities are determined by two measurements of 
inductor current and capacitor voltage. The state-space equation of the 
boost converter is as follows: 

Table 1 
Comparison between the proposed method and GPC and FS-MPC algorithms.   

GPC [34] FS-MPC [35] The proposed method 

Complexity Simple Complex Complex 
Nonlinearity Linear Nonlinear Hybrid 
Computational burden Low High Normal 
Uncertainties CS CS support 
Adaptive No No Yes 
Switching frequency Constant Variable Constant 
Stability analysis Yes No Yes 
Robustness No No Yes 
CS: Cannot support  

Fig. 1. Topology and control scheme of the DC-DC boost converter.  
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ẋ1
ẋ2
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where x1 and x2 are the difference between the inductor current and 
capacitor voltage with their reference values and x3 is the integral of 
output voltage. The equilibrium point of control input is chosen to be 
dn = 0.5. Reference vector is Xref =

[
Iref ,Vref , 0

]T
. In this model, the 

control output of the PWM generator is bounded between 0 and 1 for 
sufficient operation because of the natural saturation of PWM. It is 
noteworthy that rapid changes in the control input cause the inductor 
current to fluctuate. By considering polytopic uncertainty for the con
verter the system’s model and LMI problem can be rewritten. The con
verter model consists of inductor (L), capacitor (C), input voltage (Vin), 
and a resistor (R) as its load that can be uncertain. By considering these 
parameters between a lower and an upper bound as follows: 

Lmin < L < Lmax  

Vinmin < Vin < Vinmax  

Cmin < C < Cmax  

Rmin < R < Rmax 

We have: 

ẋ = Ax+Bsat(u)

where A and B consist of uncertain parameters. There are four param
eters with two adverse conditions each. There are 16 possible combi
nations of uncertainties for the state space system. Therefore, we have 
the state space system as follows: 

ẋ = Aix + Bisat(u) i ∈ {1, 2,⋯, 16}

3. The proposed approach 

3.1. Composite nonlinear feedback control theory 

Consider the following nominal linear saturated system: 
{

ẋ = Ax + Bsat(u)
y = Cx (4)  

where x is the state vector, u is the constrained control input and y is the 
measured output. Besides, A, B and C are constant matrices. Moreover, 
the actuator saturation is defined as: 

sat(u) =

⎧
⎨

⎩

umax u > umax
u umin ≤ u ≤ umax

umin u < umin

(5)  

where umax and umin are the saturation levels of input. The CNF controller 
is constructed based on the assumption of stabilizability, detectability, 
and invertibility of system matrices. The CNF controller will be set up 
such that the output tracks a reference signal yr quickly and without 
large overshoot or adverse effects of actuator saturation. The composite 
nonlinear feedback control law is established assuming that all states of 
a given system described by (4) are measurable. 

The nonlinear system’s equilibrium points in Eq. (4) are calculated as 
follows. The control signal u propels the output to track a constant 
reference: 
{

Ax + Bu = 0
Cx = yr

(6) 

Take note that with a boost converter, the output voltage is constant 
but the inductor current varies with the load. The inductor current is 
considered constant and determined using nominal values for simplicity. 
However, a disturbance observer may be constructed to continuously 
update the inductor current. The linear control feedback should be 
designed as follows: 

uλ = Πx+ τ (7)  

where τ is a scalar term computed later in (8) and Π is a gain matrix of uλ. 
The gain matrix Π can be derived employing LQR, LQG, LQ, H2 or 
solving LMI-based minimization problem (providing that A+BΠ is an 
asymptotically stable matrix, and the closed-loop system has a small 
damping ratio and quick response). Likewise, such a feedback law al
ways maintains within the saturation limits, (i.e., umin ≤ uλ ≤ umax). 
Take such a definition ξ≜x − x into consideration. The steady-state value 
of uL is expressed as 

u = Πx+ τ (8) 

By substituting Eq. (8) into Eq. (7) the linear part of the CNF 
controller can be modified as follows: 

uλ = u+Πξ (9) 

The nonlinear feedback law is considered as follows: 

uν = Ω(yr , y)BT Σξ (10)  

where Ω(yr, y) can be any nonpositive locally Lipschitz function in y and 
yr. While the output tracks the reference input, Ω(yr, y) is used as a 
damping term to modify the damping ratio. Σ is also a positive definite 
matrix that will be obtained to improve the damping ratio of the whole 
closed-loop system. Finally, the uCNF is defined as follows: 

uCNF = Πξ+ u+Ω(yr, y)BT Σξ (11)  

3.2. Selection of the nonlinear FunctionΩ(yr, y)

As mentioned earlier, nonlinear feedback law is utilized to enhance 
the damping ratio and minimize the overshoot produced by linear 
feedback law. The challenge in developing the nonlinear portion uν in 
Eq. (10) is to choose a nonlinear function that will increase the closed- 
loop system’s transient performance as the measured output ap
proaches the reference input. Ω(yr, y) is selected as a function of tracking 
error by defining tracking error ε≜yr − y. As a consequence, assuming 
that Ω(yr, y) ≤ 0 for all yr and y, the nonlinear function assures the 
stability of the closed-loop system. Although Ω selection is not unique, 
the nonlinear function must be deliberately chosen to have the following 
properties [24]: 

Property 1: At the outset of running the system, when the tracking 
error is very large, the nonlinear function should be in the vicinity of 
zero. Therefore, the damping term performs ineffectively. 

Property 2: When the system’s output approaches the reference 
signal and is in the locality of the setpoint, the nonlinear function should 
be at its maximum amplitude. Therefore, the damping term performs 
immensely more effectively. 

The nonlinear function is often selected in exponential form. A scalar 
nonlinear function proposed in [33] is as follows: 

Ω(yr , y) = − ρe− α0α|yr − y| (12)  

where α > 0 and ρ > 0 are constant tuning parameters. Also, α0 is a 
scalar parameter given by: 

α0 =

⎧
⎪⎨

⎪⎩

1
|y0 − yr|

y0 ∕= yr

1 y0 = yr

(13) 

The performance of the closed-loop system is significantly more 
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robust to reference target variation since α0 varies with various refer
ence input yr. Because the nonlinear function Ω changes from 0 to ρ as 
the measured output approaches signal reference, it possesses both of 
the aforementioned properties. The novel tuning technique will be 
thoroughly investigated in the next section. 

3.3. CNF controller gain tuning 

The CNF control design was fully investigated in the previous sec
tion. At this point, the CNF controller parameters will be designed and 
tuned during two phases. Using the following quadratic performance 
index to design the controller parameters optimally at the beginning of 
the first phase [24]. 

J =

∫+∞

t0

[
(x − x)T Q(x − x)+ (uλ − u)T R(uλ − u)

]
dt (14) 

The damping term is removed from Eq. (14). Hence, during the 
following phase, the nonlinear function Ω will be tuned employing the 
suggested approach. Furthermore, if such a uθ = min{u − umin, umax − u}
meets the criterion ‖uλ− u‖ ≤uθ, the linear part of the CNF controller will 
maintain within the saturation levels. Thus, the linear and nonlinear 
control law gain matrices will be obtained by minimizing the perfor
mance index provided in Eq (14). An LMI minimization-based approach 
solves such a problem under some LMIs in an offline way which results 
in stability. Note that, a parametric polytopic uncertainty as well as 
input control saturation of the boost converter is taken into 
consideration. 

Theorem: the following minimization problem will be feasible under 
some LMI constraints if there are some matrixes X = XT > 0, G, and 
scalar γ such that: 

min γ  

subject to: 
[

u2
θ G

* X

]

≥ 0 (15)  

[
X ξ(t0)

* 1

]

> 0 (16)  

⎡

⎢
⎢
⎣

AiX + BiG + XAT
i + GT BT

i X GT

* − γQ− 1 0
* * − γR− 1

⎤

⎥
⎥
⎦ < 0, i ∈ {1, 2,⋯, 16}

(17) 

Then the overall closed-loop system is asymptotically stable with 
Π = GX− 1 and P = γX− 1. For damping ratio improvement, the gain 
matrix of equation (11) can be obtained using Σ = P. 

Proof. The matrix inequality of (17) can be modified as follow by 
using Schur complement with the assumption of i = 1 (then it can be 
written for all possible 16 states): 

AX+BG+XAT +GT BT +
1
γ

XQX+
1
γ
GTRG ≤ 0 (18) 

Let multiply the inequality of (18) both on the left and right by γ1
2X− 1.

Consider the definitions Π = GX− 1, and P = γX− 1, then 

PA+PBΠ+ATP+ΠTBT P+Q+ΠTRΠ ≤ 0 (19) 

Thus, 

ξT ( PA+PBΠ+ATP+ΠTBT P
)
ξ ≤ − ξT ( Q+ΠTRΠ

)
ξ (20) 

Consider the overall closed-loop system with the CNF control law as 
follow 

{
ξ̇ = (A + BΠ)ξ + Bω

y = Cξ + yr
(21)  

ω = sat(uCNF) − uλ 

Take the well-known Lyapunov function into account as V(ξ) = ξTPξ. 
The time-derivative of the Lyapunov function along the closed-loop 
system trajectories is specified as: 

V̇(ξ) = ξT ( PA+PBΠ+ATP+ΠTBT P
)
ξ+ 2ξT PBω (22) 

The term 2ξTPBω is always negative since ω = sat(uλ +uν) − uλ and 
umin ≤ uλ ≤ umax. from (20) and (22) we have: 

V̇(ξ) < − ξT ( Q+ΠTRΠ
)
ξ (23) 

which implies asymptotic stability. Likewise, by using the Schur 
complement, the inequality of (16) can be rewritten as 

ξT X− 1ξ < 1 (24) 

Let multiply both sides of the inequality of (24) by γ and integrate 
both sides of the inequality of (23), then 

ξT Pξ < γ (25) 

and 

V(ξ) = ξT Pξ > J (26) 

Both inequalities (25) and (26) result in 

J < γ (27) 

Utilizing Schur complement the inequality of (15) can be rewritten as 
X − GTu− 2

θ G ≥ 0. Let pre- and post-multiply by X− 1, then 

ΠT Π ≤ u2
θX− 1 (28) 

Consider pre-multiply by ξT and post-multiply by ξ, then the 
inequality of (28) is equivalent to 

ξT ΠT Πξ ≤ u2
θξT X− 1ξ (29) 

Using the inequality of (24), the inequality of (29) can be rewritten as 
(uλ − u)T

(uλ − u) ≤ u2
θ results in ‖uλ− u‖ ≤uθ. It completes the proof. 

The most important portion of CNF tuning occurs in the second phase 
when the parameters of the nonlinear function (i.e., α and ρ) charac
terized in Eq. (12) are tuned. At the start of phase II, consider a zone 
around the set-point yr as an error bound and the error can be clearly 
limited by any value. The error bound turns out to be a coefficient of the 
reference signal yr, (|yr − y| ≤ δyr where 0 < δ ≤ 1). The maximum point 
of nonlinear feedback law is determined based on the selected nonlinear 
function and the following lemma, since uν is at its maximum magnitude 
at the start of adding the nonlinear part and then gradually and smoothly 
decreases. 

Lemma 1. Let G(s) = C(sI − A)− 1B+D be p × p transfer function matrix 
where (A,B) is controllable and (A, C) is observable. Then G(s) is strictly 
positive real if and only if there exist matrices Σ = ΣT > 0, L, and W and a 
positive constant η such that. 

ΣA+AT Σ = − LT L − ηΣ (30)  

ΣB = CT − LT W (31)  

WT W = D+DT (32) 

It is simple to determine whether the closed-loop system in Eq. (4) is 
strictly positive real or not at the operational point using the gain matrix 
Π. By substituting BTΣ = C into Eq. (10), the nonlinear part of the CNF 
controller, i.e., uν will be simplified as 
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uν = − Ω(yr, y)[yr − y] (33)  

uν = − εΩ(yr, y) (34) 

Furthermore, using Eq. (12) and the derivative of uν Eq. (34), the 
maximum point of uν will be |ε| = 1/α. Thus, α is determined as α =

1/δyr. Indeed, δ specifies the instant as the damping term is applied to 
the CNF control law. Moreover, to fulfill the needs of the designer, δ may 
be coordinated with desirable transient performance, such as overshoot 
and settling time. On the one hand, the lower the δ, the greater the 
overshoot and quick response. On the other hand, the larger the δ the 
smaller the overshoot and the slower the response. The parameter ρ will 
be automatically adjusted at this point. The nonlinear control law is 
added to the CNF controller when the system output enters the error 
bound, and the state vector at that moment is denoted by x̂. Therefore, 

uCNF(x̂) = umax (35)  

uCNF(x̂) = umin (36) 

ρ1 and ρ2 solve the equations. (35) and (36), respectively, and then 
the optimal value of ρ is calculated as follows: 

ρ = max(ρ1, ρ2) (37)  

3.4. Stability analysis 

Fundamentally, an s-plane describes the physical system and pro
vides information about poles, zeros, and locations. According to this 
data, a myriad number of critical characteristics, for instance, stability 
status can be discovered. In this study, the eigenvalue domain analysis is 
also examined in addition to the proof of stability. 

By utilizing Eq. (21), if umin ≤ u + Πξ + uν ≤ umax, then 

ω = Ω(yr, y)BT Σξ (38) 

and, thus 

ξ̇ = (A+BΠ)ξ+BΩ(yr , y)BT Σξ (39) 

Since the boost converter is a nonlinear system, the overall closed- 
loop system in Eq. (39) is linearized around the equilibrium point, and 
the eigenvalues are calculated and plotted in Fig. 2. The eigenvalues of 
the entire closed-loop system via the CNF controller obtained for the 

optimal ρ = 9.4300e − 07 are [ − 4.7575, − 0.0411, − 0.0086]e + 04. 
As can be seen in Fig. 2, since all the eigenvalues for various values of 

ρ lie on the left-hand side of the s-plane, this power electronic system is 
stable. Besides, the eigenvalues are sufficiently far from the instability 
border (imaginary axis), resulting in a quick response. 

To sum up, the stability is not only proved in the previous subsection 
but also, is conspicuous in the eigenvalue domain analysis. On top of 
this, the location of the poles implies the desired transient. In addition to 
these, the following simulations and experimental tests confirm the 
stability and transient performance improvement. 

4. Simulation results 

To evaluate the suggested CNF method’s performance, a DC-DC 
boost converter is simulated in MATLAB Simulink environment in this 
section. The proposed CNF and MPC strategies are evaluated under a 
range of operating scenarios, including DC input fluctuation, reference 
voltage step change, and load shift, in order to determine the influence 
of CNF on the transient performance of a non-optimal linear controller. 
The simulation parameters that are the same as practical ones are pre
sented in Table 2. In t = [0, 0.5] s the controller is enabled to track Vref =

50V for the sake of compensating inductor current below 60A. The 
current spike is unavoidabe as a result of the capacitor inrush current. 
The reference voltage increases at t = [0.1, 0.15] s with a constant slope 

Fig. 2. Eigenvalues of the overall closed-loop power electronic system.  

Table 2 
Parameters of the converter and simulation.  

Parameter Description Value 

Vin Input Voltage N = 50 v, max = 60 v, min = 30 v 
L Inductor N = 0.86 mH, max = 1.075 mH, min = 0.645 mH 
C Capacitor N = 1.1 mF, max = 1.375 mF, min = 0.825 mF 
R Resistive Load N = 50 Ω, max = 200 Ω, min = 5 Ω 
Π Feedback Gain 1e− 3 × [ − 7.9 − 2.5 6.5 ]

P Decision Matrix 
1e3 ×

⎡

⎣
0.0106 0.0032 − 0.0085
0.0032 0.0041 − 0.0052
− 0.0085 − 0.0052 1.661

⎤

⎦

α Optimized 
Scalar 

0.99 

G Variable Matrix [ − 31.1641 − 1.1973 0.0021 ]

ρ Scalar 8.7263× e− 7  
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from 50 to 100. The output voltage and current, as well as the inductor 
current, are shown in Fig. 3 during this transition. As shown, the sug
gested CNF controller provides quicker response and a reduced over
shoot owing to the nonlinear component. Due to the integral 
component, both controllers have a constant output voltage error of 
zero. 

As shown, the suggested CNF controller provides quicker response 
and a reduced overshoot owing to the nonlinear component. Due to the 
integral component, both controllers have a constant output voltage 
error of zero. 

The effect of DC input variation on the controller performance is the 
second scenario. At 0.3, 0.4, 0.5, and 0.6 s, the input voltage changes 
from 50 to 60 to 40 to 60 to 50 V. As shown in Fig. 4, the addition of the 
nonlinear portion to the linear controller results in a substantial 
improvement in output quantities. For instance, in the case of a step- 
change in DC input at t = 0.5 sec the proposed controller has a much 
better and softer transition compared to the linear one. The linear 
controller’s voltage overshoot is close to 30%, whereas the CNF con
troller’s voltage overshoot is less than 5%. Take note that while using a 
linear controller, the inductor current rises to more than 20 A. The third 

Fig. 3. Output quantities of boost converter in initial moment.  

Fig. 4. Output quantities of boost converter in case of input voltage variation.  
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scenario is used to examine the proposed controller’s functionality when 
the voltage reference is abruptly changed. To accomplish this, the 
voltage reference is varied from 100 to 120 to 100 to 80 to 100 V in 0.7, 
0.8, and 1 s, respectively. In this case, the nonlinear controller out
performs the linear controller, resulting in the faster results shown in 
Fig. 5. In comparison to the linear controller, the inductance current 
transition is smoother and exhibits less overshoot. Eventually, the 
nonlinear control strategy attempts to remove the output disturbance in 

the presence of a load shift. The initial load resistance of 157 Ω is con
nected in the output circuit of the boost converter (R2 in Fig. 1). A 40Ω 
resistor (R1 in Fig. 1) is connected to the converter’s output at t = 1.3 
sec. Fig. 6 depicts the transitory outcomes of this event. In comparison to 
a linear controller, the suggested controller demonstrates no oscillation 
and has a smooth response. 

For the CNF controller, the inductor current changes smoothly to 6 A. 
While in the MPC controller the inductor current is closely increased to 

Fig. 5. Output quantities of boost converter in case of Voltage reference variation.  

Fig. 6. Output quantities of boost converter in case of Load shift.  
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10 A and subsequently reduced to 6 A with fluctuation. Fig. 7 illustrates 
the converter’s modulation index having been generated by simulation. 
As shown in this figure, the suggested nonlinear part of the controller 
has a substantial effect on modulation index at each transition. 

For the sake of further improvement, a simulation scenario with 
different converter parameters is added to show its powerfulness under 
different uncertainties and parameters. Inductor and capacitor are 
changed to 0.645mH and 0.825mF, respectively. To design the linear 
controller robustly, the minimum and maximum values of uncertainties 
are ±25% of the nominal values of each parameter. As can be seen from 
Fig. 8 the optimal controller designed by CNF has a significant 
improvement compared to the MPC controller. Several scenarios of 

input voltage change and reference change are considered. The CNF 
controller has a much lower overshot and settling time in comparison 
with the MPC controller. 

5. Experimental results 

Experiments are conducted to validate the suggested controller for 
DC/DC boost converters with variable input voltages and changing 
loads. As shown in Fig. 9, the dSpace MicroLabBox DS1202 is configured 
in a hardware-driven interrupt function that samples the measurements 
and computes the duty cycle of the boost converter(s) IGBT in accor
dance with the suggested control strategy. 

Fig. 7. Modulation index of simulation.  

Fig. 8. Quantities of the converter under different scenarios for different inductor and capacitor values.  

A. Vazani et al.                                                                                                                                                                                                                                 



International Journal of Electrical Power and Energy Systems 155 (2024) 109562

10

As can be seen in Fig. 9, the experimental testbed employs a three- 
leg-6 IGBT SEMITEACH B6U + E1CIF + B6CI configuration. The bot
tom IGBT in leg 1 acts as an active switch in boost topology, while the 
IGBT in the last leg acts as a switch for the addition of the load. Addi
tionally, the included DC link capacitors served as a voltage filter at the 
boost output stage. The input boost inductor is inserted between the DC 
Power Supply, a Delta Elektronika SM15k, and the boost IGBT switch in 
the first leg of the SEMITEACH stack, serving as a controlled input 
voltage source. The boost converter is loaded with two resistor (R1 and 
R2) banks of 153Ω and 40Ω, the latter of which is linked to the circuit 
through a programmable IGBT for ease of experiment automation. 

Fig. 10 illustrates the converter’s initial state quantities for both 
controllers when the converter begins operation. In the scope of the 
practical figures, the input voltage is offset by 50 V for clarity. The whole 
procedure of the practical examination is the same as simulation. 

As can be observed, the suggested controller’s output voltage con
verges to the setpoint more quickly. The nonlinear controller, on the 
other hand, increases the ripple of the inductor current because of the 
oscillation in modulation index generated by the CNF controller. Fig. 11 
demonstrates the modulation index having been obtained by the 
experimental test. The CNF controller has many variations compared to 
the MPC one because of nonlinearity. The converter’s quantities are 
shown in Fig. 12 in the case of DC input fluctuation. The nonlinear 
controller has much improved transient performance in terms of output 

Fig. 9. The experimental setup.  

Fig. 10. Initial state of the converter quantities a) CNF controller b) MPC controller.  
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voltage, inductor current, and output current. For instance, the output 
voltage overshoot is reduced from 14% to less than 1% when input 
voltage has a sudden alteration from 50V to 60 V. Furthermore, the 
settling time exceeds 200ms in the case of only using linear controller; 
however, it significantly decreased 50ms when the CNF applied. The 
converter quantities are shown in fig. 13 where the voltage reference 
change and the load shift have been considered. The red point given in 
the Fig. 13 is the instant when the reference changes from 100V to 120V. 

Then, it decreases to 100V at the blue dot. After that, the green point is 
where the reference voltage declines to 80V. Finally, the orange point is 
the instant in which the set point comes back to 100V once again. In both 
cases the proposed controller completely outperforms. In terms of 
maximum overshoot, it should be noted that it is around 5V in the 
proposed strategy, which is well below the existing method. The Fig. 13 
reveals that the settling times for suggested scheme are closely less than 
100ms compared to the existing approach which is well over 100ms. 

Fig. 11. Modulation index of the experiment.  

 
Fig. 12. Quantities of the converter under Input Voltage variation a) CNF controller b) MPC controller.  
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6. Conclusion 

DC/DC boost converters are important components of DC micro
grids. As a consequence, their optimum performance under unpredict
able conditions is of high priority. This article presented a new CNF 
control method for DC/DC boost converters. The nonlinear component 
is responsible for reducing the system’s output overshoot based on the 
assigned control parameters. Its performance is highly reliant on the 
factors that govern it. As a result, a novel tuning technique was provided 
for determining the optimum parameter values. Numerous simulations 
and practical testing were conducted to determine the efficacy of the 
suggested nonlinear controller. To carry out comprehensive research, 
the controller with just linear components and the controller with both 
linear and nonlinear components were examined for testing. Various 
load shifts, input voltage fluctuation, and reference voltage change sit
uations are investigated. The outcomes indicate that the suggested 
approach outperforms the linear controller. 
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