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 Three-phase active front-end (AFE) rectifiers are widely deployed in motor 

drives, electric vehicle chargers, and grid-connected renewable energy 

systems, where precise DC-link voltage regulation is essential for stable 

converter operation. In practice, DC-link capacitance degrades over time, 

and load profiles vary dynamically, both degrading the DC-link voltage 

regulation performance. Conventional proportional-integral (PI) outer 

voltage controllers are designed based on nominal operating conditions, with 

limited stability margins resulting in sluggish or oscillatory DC-link voltage 

responses under significant load and parameter variations. This paper 

proposes an adaptive internal model control-proportional integral (AIMC-PI) 

outer voltage loop controller for a three-phase AFE rectifier. It extends the 

conventional IMC-PI structure by incorporating an active damping term, an 

internal feedforward gain, a reference filter, and a Lyapunov-based 

adaptation law that updates the embedded plant model and IMC filter time 

constant online ensuring closed-loop stability and bounded tracking error. 

Simulation results show that AIMC-PI achieves a faster dynamic response 

than PI and performance comparable to IMC-PI and linear active disturbance 

rejection control (LADRC) under nominal conditions. As DC-link 

capacitance degrades to 0.5C, AIMC-PI maintains a well-damped DC-link 

voltage, whereas LADRC exhibits noticeable oscillations. Experimentally, 

AIMC-PI successfully eliminates the AC-supply current and DC-link 

voltage ripples present in fixed-λ IMC-PI. 
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1. INTRODUCTION 

The DC-link voltage of an active front-end rectifier acts as an energy buffer between the AC supply 

and the DC-side load, and its regulation critically affects the performance of motor drives, electric vehicle 

chargers, vehicle-to-grid interfaces, and renewable energy and energy storage systems supplied by the 

rectifier [1]–[8]. In these applications, the rectifier is rarely operated at a fixed operating point: load profiles 

vary under dynamic conditions, the DC-link capacitor degrades over time, and system parameters drift over 

the converter lifetime. With the increasing integration of renewable energy sources and the rapid growth of 

electric vehicle adoption, active front-end rectifiers are increasingly required to provide tight DC-link voltage 

https://creativecommons.org/licenses/by-sa/4.0/
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regulation, low current total harmonic distortion, near-unity power factor, and reliable bidirectional power 

flow, even under wide operating ranges and conditions that cannot be fully anticipated at the design stage.  

In voltage regulation, the most common control strategy for AFE rectifiers employs a cascaded 

control structure where an outer voltage loop regulates the DC-link voltage while inner current loops control 

the input currents. The two loops are intentionally decoupled in bandwidth, where the outer loop is set 10 to 

50 times slower than the inner loop, while the inner loop is placed 10 to 20 times below the switching 

frequency to reject switching harmonics. In this structure, most disturbances like model mismatch and load 

variations manifest as DC link voltage fluctuations that are primarily corrected by the outer voltage 

controller, with the inner loop providing fast current shaping and damping.  The traditional choice of a PI 

controller in the outer loop is attractive for its zero steady-state error under nominal conditions, but its 

bandwidth is fixed at the design operating point, therefore its response degrades when the operating point 

varies significantly [9]–[16]. 

Several control strategies have been proposed in the literature to compensate for this fixed-

bandwidth limitation, such as integrating fuzzy logic to adaptively adjust PI gains under varying operating 

conditions. For example, [11] proposes a double fuzzy PI controller for the outer voltage loop of an AFE 

rectifier operating across a wide range of AC and DC voltages. The control structure combines a main fuzzy 

block that adjusts PI gains based on the DC-link voltage error and its rate of change with a sub fuzzy block 

that applies corrections based on the AC supply and DC reference voltages. Although this approach 

significantly improves both dynamic and steady-state performance, constructing two separate sets of 

membership functions and rule bases across multiple operating points demands extensive offline calculation, 

simulation, and experimental tuning, leading to implementation complexity in practice. 

A second direction applies sliding mode control (SMC), valued for its fast dynamic response and 

strong robustness against parameter uncertainties and external disturbances [17]. However, conventional 

SMC suffers from chattering-high-frequency oscillations in the control signal that degrade performance. 

Study in [18] incorporates a fractional double power convergence rate in the inner loop to resolve the 

chattering issue without sacrificing robustness, achieving a fast dynamic response and low steady-state error. 

Despite these advances, existing approaches that simultaneously address chattering suppression, fast dynamic 

response, and steady-state accuracy still rely on complex algorithms, additional state variables, multiple 

tuning parameters, and increased real-time computation burden. 

Another method that replaces the PI outer loop is active disturbance rejection control (ADRC), 

which lumps unmodeled dynamics, parameter variations, and external disturbances as a single disturbance 

term, estimated online by an extended state observer (ESO) and actively compensated by the control action. 

ADRC and its linearized version, linear active LADRC, improve the DC-link voltage dynamics and 

disturbance rejection over PI control [19], [20] and only require the plant’s relative order and high-frequency 

gain, making them structurally simple and robust to model uncertainty. 

However, ADRC performance depends on careful bandwidth and gain tuning, and on the accuracy 

of the disturbance estimation [21], and minimal plant information can be insufficient when the system has 

more complex dynamics [22]. Researchers in [22] address this by showing that LADRC is equivalent to a 

two-degree-of-freedom (2-DOF) IMC structure, in which the LADRC bandwidth tuning parameters 

correspond to the setpoint and disturbance-rejection filter time constant of IMC. This analysis provides a 

theoretical basis for the LADRC control behavior and suggests methods for incorporating additional plant 

dynamics to further enhance control performance. 

Building on this IMC-LADRC equivalence, researchers in [23] proposed an enhanced LADRC 

scheme for servo systems that integrates IMC principles with active damping and SMC techniques. This 

approach resolves the inherent IMC trade-off between fast reference tracking performance and strong 

disturbance rejection. By adding active damping, disturbance rejection is improved without increasing controller 

order or bandwidth, while SMC improves robustness against uncertainties. The IMC-based tuning procedure 

also simplifies the design process, making LADRC easier to implement in practice. Although the IMC 

framework offers an attractive alternative to conventional PI tuning by taking advantage of the established IMC-

PI equivalence and estimating disturbances from the mismatch between the plant and internal model [24], 

conventional IMC is still designed around a specific operating point, in the same way as PI control. 

The internal plant model and the filter are both fixed at the design stage; for example, when the 

capacitance degrades or AC-side impedance drifts over the converter lifetime, the embedded model no longer 

matches the actual plant, and the disturbance estimate derived from the model is no longer accurate. Since λ 

remains fixed, this tradeoff cannot be adjusted online when the operating conditions change. The controller 

therefore must be tuned conservatively, which can limit either the dynamic response or the available 

robustness margin. Consequently, traditional IMC still suffers from a fixed-bandwidth limitation and 

therefore cannot consistently maintain the desired performance across the wide and time-varying operating 

conditions without incorporating an online adaptation mechanism. 
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To address these shortcomings of fixed-parameter PI and IMC, this paper proposes a hybrid cascaded 

control architecture for AFE rectifiers consisting of an adaptive internal model control–PI (AIMC-PI) outer 

voltage loop and a predictive deadbeat (PDB) inner current loop. The proposed outer loop differs from 

conventional IMC in four ways. First, active damping is incorporated into the IMC structure to improve 

disturbance rejection without increasing controller order or bandwidth. Second, an internal feedforward gain is 

added to enhance dynamic tracking. Third, a separate reference filter is incorporated, making the structure a 

two-degree-of-freedom (2-DOF) IMC so that tracking speed and disturbance rejection can be tuned 

independently rather than being coupled through a single λ. Fourth, instead of using fixed filter parameters, a 

Lyapunov-based adaptation law is employed to update both the embedded plant model and parameter λ online. 

This ensures closed-loop stability and bounded tracking error while enabling the controller to adjust 

to real-time operating conditions, which cannot be achieved with fixed-λ IMC. Together, these modifications 

address parameter uncertainty, external disturbances, and operating point variations within the outer loop 

structure. Since this paper focuses on the outer voltage loop, the inner loop current is kept identical across all 

comparisons so that performance differences are attributed to the outer voltage loop alone. The proposed 

AIMC-PI/PDB scheme is validated by MATLAB/Simulink simulation under load changes, reference 

variations, and DC-link capacitance mismatch. The remainder of the paper is organized as follows: i) Section 

2 presents the AFE rectifier model; ii) Section 3 details the AIMC-PI controller design; iii) Section 4 reports 

the simulation and experimental results and discussion; and iv) Section 5 presents the conclusion. 
 
 

2. MODELLING OF ACTIVE-FRONT END RECTIFIER 

A conventional three-phase AFE rectifier consists of input line inductors, a DC-link capacitor, and 

six bidirectional power switches, as illustrated in Figure 1. The line inductors and DC-link capacitor provide 

input current filtering and reduce the DC voltage ripple, respectively. During each switching cycle, the input 

inductors and DC-link capacitor continuously exchange energy, thereby regulating the source current and 

maintaining the DC-link voltage. 
 

 

 
 

Figure 1. Three-phase AFE rectifier topology 
 

 

In this design, the three-line inductors are assumed identical, including their equivalent series 

resistances (ESRs). Thus, the phase-a, phase-b, and phase-c inductances are set equal Lsa=Lsb=Lsc = Ls, and 

their corresponding series resistance are also set equal,  Rsa=Rsb=Rsc = Rs. Furthermore, for the purpose of 

control design, the grid supply is modelled as a balanced, three-phase sinusoidal voltage source without 

harmonic distortion or unbalanced voltage. This assumption is a standard practice in AFE rectifier control 

design. Applying Kirchhoff’s voltage law (KVL), the mathematical model of the three-phase AFE rectifier in 

the abc-frame could be derived as (1). 
 

[

Vsa(t)
Vsb(t)

Vsc(t)
] = Rs [ 

Isa(t)
Isb(t)

Isc(t)
] + Ls

d

dt
[

Isa(t)
Isb(t)

Isc(t)
] + [

Van(t)
Vbn(t)

Vcn(t)
] (1) 

 

Where Vsa, Vsb, Vsc are the three-phase source voltages,  Isa, Isb, Isc are the three-phase source currents, and  

Van, Vbn, Vcn  are converter phase voltages. By Kirchhoff’s current law (KCL) at the DC-link node, the 

converter DC-side current can be expressed as (2). 

 

 Iconv(t) = Iload(t) + C
dVdc(t)

dt
 (2) 
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Where  Iconv is the converter DC-side current, Iload is the load current, C is the DC-link capacitance, and 
dVdc(t)

dt
 is the rate of change of the DC-link voltage. 

 

 

3. OVERALL CONTROL ARCHITECTURE 

The overall block diagram of the proposed control method is shown in Figure 2. The outer voltage 

loop regulates the DC-link voltage using the proposed Lyapunov-based AIMC-PI, in which an inner 

feedback gain pair improves both dynamic response and disturbance rejection, and an adaptive filter 

parameter λ provides robustness to plant uncertainties. In addition, a separate reference filter is also added 

after the reference input, allowing more control on reference tracking performance. The output of the outer 

loop serves as the d-axis current reference for the inner current loop, which is implemented using PDB 

control. The desired switching signals are generated using space-vector pulse width modulation (SVPWM) 

by synthesizing the converter output voltage, 𝑉⃗ 𝑟𝑒𝑓 . 
 

 

 
 

Figure 2. Overall block diagram of the proposed method 

 

 

3.1.  Outer voltage loop 

This section presents the detailed design of the proposed Lyapunov-based AIMC-PI controller. The 

proposed method integrates: i) An IMC-PI structure with enhanced disturbance rejection and dynamic 

response via internal feedback and feedforward gains; ii) A separate reference filter is incorporated to 

improve tracking speed performance; and iii) Online plant parameter estimation using a Lyapunov-stable 

adaptation law and adaptive tuning of the IMC filter parameter λ, enabling self-tuning behavior.  

 

3.1.1. IMC-PI 

The IMC-PI structure offers the advantage of achieving zero steady-state error and effective 

disturbance rejection with a simple implementation, as illustrated in the IMC system block diagram in  

Figure 3. From the block diagram, the output to input relationship of the IMC is given by (3). 

 

Y(s)/Y∗(s) =
Gi(s)Gp(s)

1−Gi(s)Gm(s)+Gi(s)Gp(s)
 (3) 

 

While output to disturbance relationship of the IMC is given by (4). 
 

Y(s)/V(s) =
1−Gi(s)Gm(s)

1−Gi(s)Gm(s)+Gi(s)Gp(s)
  (4) 
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Where the Gm(s), Gi(s), and Gp(s) denote the model, inverse model, and plant transfer functions, 

respectively. To make Gi(s)=1/Gm(s) realizable, a low-pass filter F(s)=1/(λs+1)1 is introduced. Because 

the plant has a pole at the origin that yields a sluggish response, an inner feedback gain kf and an inner 

feedforward gain kg are added, which provide active damping that improves disturbance rejection and 

improves transient response, respectively. 
 
 

 
 

Figure 1. IMC block diagram 
 

 

The model of the plant transfer function is given as (5). 
 

Gm(s)=Km/s  (5) 
 

The compensated plant model, Gcomp(s) transfer function after introducing an inner feedback gain kf  and an 

inner feedforward gain, kg as shown in Figure 4, is given by (6). 
 

Gcomp(s)  =
1

kf
(

 1
1

kf
.

1

Km
.
1

kg
s+1

) = Km2 (
1

Tm2s+1
)  (6) 

 

Using the pole placement method, the value of kf is determined by placing the pole at the desired outer-loop 

bandwidth. Meanwhile, the value of kg is selected to be 1.25 times lower than the value of the inner feedback 

gain. To ensure stability and proper outer-loop bandwidth separation, the value of kg is chosen such that 

kg ≤
αv

km.kf
 , where αv represents the desired outer loop bandwidth. 

 
 

 
 

Figure 4. Closed-loop system with compensated process and setpoint filter 𝐹𝑟(𝑠) 
 
 

The equivalent controller transfer Gc(s) function can be obtained as (7). 

 

Gc(s) =
Gi(s)

1−Gi(s).Gcomp(s)
 (7) 

 

With Gi(s)=
1

Gcomp(s)
.F(s), thus, the proportional and integral gains can be expressed as (8). 
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Kp =
√a

√λ.Km
 and Ki =

1

Km.λ2 (8) 

 

The adaptive filter parameter λ can be expressed as presented in (9) [10], [25]. 

 

λ = λ0(1 + ∫ |e|
ts

tr

|em|

⌈ym⌉
dt) (9) 

 

The initial value 𝜆0 is selected as the minimum permissible value based on cascaded control design 

guidelines to ensure fast transient response while avoiding undesirable dynamic interaction between the inner 

and outer loops. 

From (8) and (9), it can be observed that the controller gains Kp and Ki, are implicitly tuned as 

functions of both tracking error and modelling error. Here, the tracking error is defined as e = y − r, while 

the modelling error is defined as em = y − ym, where y and ym represent the outputs of the plant and the 

plant model, respectively, and r denotes the reference signal. Furthermore tr and ts denote the instants at 

which the adaptation of λ starts and stops. When either the tracking error or modelling error becomes large, 

the λ will also increase, which in turn reduces the controller aggressiveness against the model mismatch and 

unmodeled dynamics by reducing the IMC-PI gains, Kp and Ki. The Fr(s) in Figure 4 is realised as a first-

order low-pass filter, 
 

Fr(s) =
1

λr(s)+1
 (10) 

 

with λr = βRλ0, and where βr ≥ 1 sets the pre-filter bandwidth relative to λ0. 

 

3.1.2. First-order discrete-time identification model 

In this paper, the plant is approximated by a first-order system to reduce the computational burden 

during online parameter identification. The discrete-time tunable plant model is expressed as (11). 
 

ŷ(k) = −a1ŷ(k − 1) + b1û(k − 1)=θ̂T∅(k) (11) 
 

Where ŷ is the predicted model output,  û is the model input, θ̂ is the estimated parameter vector, and ∅(k) is 

the regressor. The index (k) denotes the current sampling instant, while (k − 1) denotes the previous 

sampling instant. The parameter vector and regressor are defined as (12). 
 

θ̂T = [a1, b1] and  ∅(k) = [y(k − 1), u(k − 1)] (12) 
 

3.1.3. Lyapunov-based adaptation law 

In this section, the Lyapunov function is derived using a continuous-time representation to simplify 

the analysis, and for notational simplicity, time dependence (t) is omitted. Consider the first-order plant 

dynamics: 
 

ẏ = −ay + bu (13) 

 

The corresponding estimated plant model is defined as (14). 

 

ẏm = −amym + bmu (14) 
 

The model estimation error is expressed as (15). 

 

ėm = [−ay + bu] − [−amym + bmu] (15) 

 

Solving (15), the model estimation error is simplified: 
 

ėm = −amem − ã y + b̃u (16) 

 

where (am − a) = ã and (b − bm) = b̃ denote the parameter estimation errors.  To derive the adaptation law 

for am and bm, the Lyapunov candidate is defined as (17). 

 

V =
1

2
em

2 +
1

2γa
ã2 +

1

2γb
b̃2 (17) 
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with γa > 0, γb > 0. To check Lyapunov stability, the next step is to differentiate the Lyapunov function 

with respect to time and examine the sign of its derivative along system trajectories: 

 

V̇ = emeṁ +
1

γa
ãȧ̃ +

1

γb
b̃ḃ̃ (18) 

 

Substituting (16) into (18) yields: 

V̇ = −amem
2 − ãemy + b̃emu +

1

γa
ãȧ̃ +

1

γb
b̃ḃ̃ (19) 

 

To cancel the energy injection terms, set 
1

γa
ãȧ̃ = ãemy and 

1

γb
b̃ḃ̃ = −b̃emu, yielding the continuous-time 

adaptation laws: 

 

ȧ̃ = γaemy and ḃ̃ = −γbemu (20) 

 

Next is to substitute (20) into (19); consequently: 

 

V̇ = −amem
2 ≤ 0 (21) 

 

Since V̇(t) ≤ 0 is negative semi-definite, the Lyapunov function is non-increasing and bounded below by 

zero. Therefore V(t) is bounded for all t ≥ 0. 

 

3.2.  Inner current loop: predictive deadbeat controller 

In this section, the predictive deadbeat current controller employed in the inner loop is described in 

detail. The current references id
∗  and iq

∗  are provided by the outer voltage loop is assumed to be id
∗ (k + 1) and 

iq
∗ (k + 1) respectively. These references in dq-frame are then transformed to the α𝛽-frame. By imposing the 

deadbeat condition Isα(k + 1) = Isα
∗ (k + 1) and Isβ(k + 1) = Isβ

∗ (k + 1) using the forward Euler 

approximation, the desired converter output voltages can be derived as (22) and (23). 

 

Vconvα
∗ (k) = Vsα(k) − (Rs × Isα(k)) − (

Ls

TS
× (Isα

∗ (k + 1) − Isα(k)) and 

Vconvβ
∗ (k) = Vsβ(k) − (Rs × Isβ(k)) − (

Ls

TS
× (Isβ

∗ (k + 1) − Isβ(k)) (22) 

 

V⃗⃗ ref = (Vconvα
∗ + jVconvβ

∗ ), and  θ∗ = tan−1 Vconvβ
∗

Vconvα
∗  (23) 

 

The desired converter voltage vector is synthesized by space-vector pulse-width modulation (SVPWM) at a 

constant switching frequency to generate switching pulses. 

 

 

4. RESULT AND DISCUSSION 

This section presents simulation and experimental results to validate the proposed AIMC control 

method under various operating conditions, including capacitance changes, load disturbances, and DC-link 

voltage reference changes. The simulation and experimental parameters are summarized in Table 1. The 

proposed AIMC-PI outer loop controller is benchmarked against three baseline controllers that share the 

same PDB inner loop current control: a conventional PI controller, fixed-λ IMC-PI, and LADRC. Controller 

performance is quantified using rise time and settling time. The evaluation proceeds in three stages: section 4. 

examines the dynamic response under nominal conditions, section 4.2 stresses the controllers with a DC-link 

capacitance mismatch of 0.5 C to assess robustness to capacitor ageing and tolerance, and section 4.3 

validates the simulation findings on a hardware prototype of a three-phase AFE rectifier. In the proposed 

method, the bandwidth of the outer voltage loop is selected at 50 Hz, identical to those of the benchmark 

methods, ensuring a fair comparison. For the PI method, the outer voltage loop PI controller is designed by 

taking into account the dynamics of the inner loops; therefore, it is considered an optimal design [26]. The 

tuning parameters for all controllers are summarized in Table 2. 
 

4.1.  Dynamic response under nominal conditions 

The dynamic performance of the proposed AIMC-PI control strategy is first evaluated under 

nominal system parameters and compared with the benchmark controllers. The evaluation considers the 
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ability of each controller to track changes and to reject load disturbances. In this test, the DC-link voltage 

reference is stepped from 180 V to 220 V at t = 0.2 s, while the load resistance is changed from 50 Ω to  

100 Ω at t = 0.4 s. The corresponding DC-link voltage responses are shown in Figure 5, while the 

quantitative performance measures are summarized in Tables 3 and 4. As shown in Figure 5 and Table 3, the 

proposed AIMC-PI achieves a rise time of 22 ms, which is substantially faster than the conventional PI 

controller at 55 ms and slightly faster than the IMC-PI controller at 24 ms. Although LADRC provides the 

shortest rise time of 20 ms, the difference is relatively small. 

The disturbance rejection performance is further evaluated by applying a load change at t = 0.4 s.  

As summarized in Table 4, the proposed AIMC controller restores the DC-link voltage to its reference value 

within 11 ms, compared with 15 ms for IMC-PI and 95 ms for the conventional PI controller. Although 

LADRC achieves the shortest settling time of 9 ms, the settling time of AIMC is only 2 ms longer, 

demonstrating a comparable disturbance-rejection capability. In contrast, the conventional PI indicates a 

sluggish recovery, highlighting its limited bandwidth under sudden load variations. 
 

 

Table 1. Simulation parameters 
Description Value of parameter 

Input voltage (VLN) 
Grid frequency 

55 (RMS) 
50 

V 
Hz 

Load (R) 50 Ω 

DC voltage 180 V 
Capacitor (C) 850 μF 

Input filter inductance (Ls) 6.45 mH 

Input filter resistance (Rs) 0.094 Ω 
Switching frequency (Fsw) 

Sampling frequency (Ts) 

10000 

10000 

Hz 

Hz 

Power semiconductor devices IGBT - 
 

Table 2. Tuning parameters for outer voltage loop 

controller 
Method Gain 

PI Kp = 0.23 Ki = 6.85  

IMC-PI Kp = 0.718 Ki = 129.426 
𝛽𝑅=2 

AIMC-PI Kp = 0.718, Ki = 129.426 (initial 

value) 

β𝑅=2 

𝛾a = 0.2, 𝛾b = 300 

LADRC  𝜔𝑐 = 50.2. 𝜋, 𝜔𝑜=4. 𝜔𝑐 
 

 

 

Table 3. Rise time under nominal design parameters 
Control method Rise time (ms) 

AIMC-PI 22 

IMC-PI 24 
LADRC 20 

PI 55 
 

Table 4. Settling time under nominal design parameters 
Control method Settling time (ms) 

AIMC-PI 11 

IMC-PI 15 
LADRC 9 

PI 95 
 

 

 

Figure 6 shows the disturbance response when the DC-link voltage regulated at 180 V, with the load 

resistance changing from 50 Ω to 100 Ω at t=0.2 s under nominal conditions, with the corresponding settling 

times summarized in Table 5. Under this disturbance condition, IMC-PI (2.8 ms) exhibits a slightly faster 

voltage recovery than the proposed method (3.5 ms). This difference can be attributed to the adaptive 

mechanism of the proposed controller, in which both the embedded plant model and the λ are continuously 

adjusted according to the plant-model error, and the adaptation law needs time to converge before its updated 

parameters take effect. 

 

 

 
 

Figure 5. DC-link voltage response at nominal design parameters: reference step from 180 V to 220 V at  

t = 0.2 s and load step from 50 Ω to 100 Ω at t = 0.4 s 
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Figure 6. DC-link voltage response under nominal conditions: load step from 50 Ω to 100 Ω at t = 0.2 s,  

DC-link at 180 V baseline 
 

 

Table 5. Settling time under nominal conditions: DC-link at 180 V baseline 
Control method Settling time (ms) 

AIMC-PI 3.5 

IMC-PI 2.8 

LADRC 1.8 
PI 53.3 

 

 

4.2.  Dynamic response under capacitance variations 

To evaluate the robustness of the controller against DC-link capacitance uncertainties, the DC-link 

capacitance is reduced from its nominal value of 850 μF to 425 μF (0.5C). This represents a significant 

capacitance degradation and introduces a mismatch between the nominal controller design and the actual 

plant dynamics. As shown in Figure 7, the DC-link voltage reference is increased from 180 V to 220 V at  

t = 0.2 while the load resistance is changed from 50 Ω to 100 Ω at t = 0.4 s. Under these conditions, AIMC-

PI, IMC-PI, and LADRC controllers maintain relatively fast voltage regulation based on rise times of 15 ms, 

16 ms, and 14 ms, respectively, as summarized in Table 6.  

 

 

 
 

Figure 7. DC-link voltage response under capacitance degradation 0.5 C: reference step from 180 V to 220 V 

at t = 0.2 s and load step from 50 Ω to 100 Ω at t = 0.4 s 

 

 

Although LADRC provides the fastest rise time, its response exhibits a noticeable voltage 

oscillation on the DC-link voltage during the reference change at t=0.2 s. In comparison, the proposed 

AIMC-PI achieves slightly slower response than LADRC but maintains smoother and well damped voltage 

trajectory. The IMC-PI controller also provides a comparable rise time of 16 ms with no oscillations, 

indicating that the IMC-based controllers are less sensitive to the capacitance variation. In contrast, the 
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conventional PI shows significant slower response in this case, with a 55 ms rise time. During disturbance 

rejection at t = 0.4 s, all three AIMC-PI, IMC-PI, and LADRC show comparable performance as detailed in 

Table 7, with LADRC, AIMC-PI, and IMC-PI settling times of 3.8 ms, 5.3 ms, 6.1 ms, respectively. The 

conventional PI requires 70.7 ms to settle, which is considerably longer than the other controllers. 
 

 

Table 6. Rise time under capacitance mismatch 
Control method Rise time (ms) 

AIMC-PI 15 

IMC-PI 16 

LADRC 14 
PI 55 

 

Table 7. Settling time under capacitance mismatch (0.5C) 
Control method Settling time (ms) 

AIMC-PI 5.3 

IMC-PI 6.1 

LADRC 3.8 
PI 70.7 

 

 

 

4.3.  Experimental validation 

To further evaluate the practical implementation of the proposed control, an experiment has been 

implemented. The hardware experimental setup is shown in Figure 8. The prototype three-phase AFE 

rectifier comprises the line inductors, IGBT, gate driver, DC-link capacitor, load resistor, voltage and current 

sensing with their associated analog-to-digital converter (ADC) driver circuit, and a three-phase supply. The 

controller used in this experiment is a microcontroller (TMS320F28379D) to perform the control algorithm. 

 

 

 
 

Figure 8. Experimental setup of the system 

 

 

The first experimental condition evaluates the performance of the fixed-λ IMC-PI controller.  

The controller gains and parameters are selected consistently with those used in simulation. As shown in 

Figure 9, the fixed-λ IMC-PI exhibits significant ripple in three-phase AC supply currents. A corresponding 

ripple can also be observed in the DC-link voltage. This behavior may be caused by model or parameter 

mismatch between the actual hardware and the simulation model, noise from the voltage and current sensors, 

and the finite resolution and update latency of the digital PWM, which introduce a persistent mismatch 

between the assumed and actual plant dynamics that a fixed-λ and fixed embedded model cannot compensate 

for. The same tuning parameters are applied to the AIMC-PI controller to provide a consistent comparison 

with the fixed-λ. The experimental results are shown in Figure 10. Compared with the fixed-λ IMC-PI 

response in Figure 9, the proposed AIMC-PI controller significantly reduces the ripple in the three-phase 

supply currents, while the DC-link voltage exhibits a more stable and smoother response in steady-state 

conditions. These results demonstrate the effectiveness of the adaptive mechanism in improving the practical 

voltage regulation performance in real time. Nevertheless, a minor discrepancy exists between experimental 

and simulation results: at nominal capacitance, the measured rise time is 1.4x longer than the simulated value 

(Table 3). In the next scenario at 0.5C, the experimental result can be observed in Figure 11. The rise time 

value from the experiment is 23.28 ms compared to the simulation value of 15 ms (Table 6), which is 1.5 

times longer than in the simulation. These discrepancies are primarily attributable to model mismatches 

between ideal simulation and physical converter setup, alongside digital control latencies such as ADC 

sampling and PWM update delays. 
 

 



                ISSN: 2088-8694 

Int J Pow Elec & Dri Syst, Vol. 17, No. 3, September 2026: 1794-1807 

1804 

 
 

Figure 9. Experimental steady-state response of the fixed-λ IMC-PI controller  

under nominal operating conditions 
 

 

 
 

Figure 10. Experimental results of the dynamic response of AIMC when the reference changes  

from 180 V to 220 V at nominal design 
 

 

 

 

Figure 11. Experimental results of the dynamic response of AIMC when the reference changes  

from 180 V to 220 V at 0.5 C 
 

 

5. CONCLUSION 

This paper presented an adaptive internal model control-proportional integral and predictive 

deadbeat (AIMC-PI&PDB) control strategy for three-phase active front-end (AFE) rectifiers. By utilizing a 

Lyapunov-based adaptation mechanism, the outer-voltage loop dynamically updates its internal plant model 

and filter time constant, λ, in real time. Comparative evaluation against PI, fixed-λ IMC-PI, and LADRC 

methods demonstrates that the proposed AIMC-PI maintains fast disturbance rejection and strong voltage 

regulation under both nominal and severe capacitance degradation (0.5 C).  

Hardware experiments validate that AIMC-PI effectively mitigates AC current and DC-link voltage 

ripples under fixed- λ IMC-PI control. A minor discrepancy in transient rise time was observed between 

simulation and hardware (1.4x and 1.5x under nominal and 0.5 C, respectively), driven primarily by physical 

model mismatch and digital control latencies. Addressing these implementation constraints to further 

improve transient performance will be the focus of future work. 
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