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Abstract 

Active disturbance rejection control (ADRC) has broad application prospects in perma-

nent magnet synchronous motors (PMSMs) due to its advantages of being independent 

of the controlled object model, excellent adaptability, and strong anti-disturbance perfor-

mance. When tuning the bandwidth (ω0) of ADRC, the anti-disturbance performance of 

the control system is improved with the increase in bandwidth, yet the noise suppression 

performance of the system is degraded. This trade-off restricts the selection of bandwidth 

and further impairs the dynamic performance of the system. To address this issue, this 

paper proposes a modified ADRC (MADRC) strategy based on a modified extended state 

observer (MESO). The MESO expands the differential terms of disturbances into new state 

variables. By conducting multi-layer observation of disturbances and their differential sig-

nals, the anti-disturbance performance of the system is enhanced while its noise suppres-

sion performance is maintained. Frequency-domain analysis of the MESO and the con-

ventional extended state observer (ESO) demonstrates that the MESO achieves a stronger 

anti-disturbance performance in the low-frequency band, with its noise suppression per-

formance remaining unchanged in the high-frequency band. Finally, experimental com-

parisons between the conventional ADRC and the proposed MADRC are carried out on a 

PMSM platform to verify the superiority of the proposed strategy. 

Keywords: PMSM; ADRC; modified extended state observer; anti-disturbance; noise  

suppression 

 

1. Introduction 

Permanent magnet synchronous motors (PMSMs) have been widely used in the avi-

ation field due to their high-power density, high efficiency, and fast dynamic response [1–

3]. In recent years, high-performance applications have also put forward higher require-

ments for the speed control of PMSM drives. Furthermore, as a nonlinear, strongly cou-

pled, and time-varying complex system, PMSMs are subject to various disturbances, such 

as external perturbations (load torque variations) and internal perturbations (parameter 

deviations). This has made PMSM control technology a persistent research hotspot [4,5]. 

At present, the traditional proportional–integral–derivative (PID) controllers have 

been widely applied in industrial motor control systems. However, PID controllers cannot 

meet the requirements of both good reference tracking performance and pleasant disturb-
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ance rejection property [6]. Meanwhile, PID control is highly susceptible to changes in 

motor parameters and exhibits poor parameter adaptability. When operating conditions 

change, parameters need to be readjusted to ensure the quality of closed-loop dynamic 

performance [7,8]. 

To improve the system immunity, researcher Han proposed the active disturbance 

rejection control (ADRC) strategy based on the concept of traditional PID control [9]. 

ADRC aJributes all uncertainties of the controlled object, including internal and external 

perturbations, to a total disturbance [10–14]. It uses an extended state observer (ESO) to 

estimate and compensate for the total disturbance, and it does not rely on the parameters 

of the target model during the modeling process. ADRC can estimate and compensate for 

internal and external disturbances in real time [15], featuring excellent anti-disturbance 

performance that can meet the servo control requirements of PMSMs. Reference [16] pro-

poses a PMSM composite control method that applies ESO to internal model control (IMC): 

IMC enables the speed to quickly track a predetermined trajectory, while ESO dynami-

cally compensates for external disturbances and parameter uncertainties. However, the 

traditional error feedback function fal (•) is a piecewise function with non-smooth char-

acteristics at the switching point, which is prone to causing output chaJering. Reference 

[17] proposes an enhanced nonlinear efal (•) function; this function has a variable gain, 

which can quickly estimate disturbances, effectively suppress estimation errors, and ulti-

mately reduce output chaJering. Reference [18] proposes an ADRC based on deep rein-

forcement learning, which constructs a parameter optimization model by introducing ar-

tificial intelligence algorithms and thus can automatically optimize and adjust parameters 

under different scenarios. 

The error feedback functions in the ADRCs reported in the aforementioned studies 

all adopt nonlinear functions, which involve numerous parameters in the design process 

and a complex tuning method. Gao proposed linear ADRC (LADRC) along with a time-

scale-based tuning method [19]. The design of the linear extended state observer (LESO) 

and state feedback is converted into the selection of controller bandwidth (ωc) and ob-

server bandwidth (ω0), which simplifies the parameter tuning process of LADRC and 

broadens the prospects for its industrial applications. When tuning LADRC parameters, 

an increase in observer bandwidth (ω0) enhances the anti-disturbance performance of the 

control system but weakens its noise suppression performance [20]. In practice, a low-

pass filter is often used to filter out high-frequency measurement noise from the speed 

calculation signal. However, the use of a low-pass filter introduces a phase delay, which 

impairs the dynamic performance of PMSM speed control [21]. Reference [22] proposes 

an ADRC strategy based on a phase-locked loop observer (PLL). By using an integrator as 

a speed filter, the measured position can be directly used for speed and perturbation ob-

servation without speed calculation. Reference [23] proposes a special control structure 

combining a Kalman filter (KF) and an ESO: the former is responsible for noise filtering, 

while the laJer undertakes speed estimation and disturbance compensation. Nevertheless, 

this control strategy has a relatively complex structure and poor system robustness. Ref-

erence [24] proposes an ADRC method based on cascaded ESOs. With two ESOs, the sys-

tem maintains unchanged anti-disturbance performance in the low-frequency band and 

achieves enhanced noise suppression performance in the high-frequency band. However, 

the combination of two ESOs gives rise to a priority selection problem, which increases 

the difficulty of parameter tuning. 

To address the aforementioned challenges, this paper proposes a modified ADRC 

(MADRC) strategy for the PMSM speed loop based on a modified extended state observer 

(MESO). On the basis of the traditional ESO, the MESO adds observations of disturbance 

differential terms, thereby enhancing the accuracy of disturbance estimation. Meanwhile, 

the traditional second-order ESO is extended to a third-order MESO. Unlike the tradi-
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tional ESO, which improves the system’s anti-disturbance performance by increasing 

bandwidth, the MESO adopts a method of multi-layer observation of disturbances and 

their differential terms. This method solves the problem of degraded system noise sup-

pression performance caused by increased bandwidth. Compared with the traditional 

ADRC, the proposed MADRC strategy achieves smaller overshoot and shorter response 

time in speed control during dynamic processes, as it enhances the system’s anti-disturb-

ance performance without weakening its noise suppression performance. 

2. Traditional ADRC for PMSM Speed Control 

2.1. PMSM Mathematical Model 

The object of study in this paper is a surface-mounted permanent magnet synchro-

nous motor (SPMSM) with equal inductances in the d-axis and q-axis. Its torque equation 

and mechanical motion equation can be expressed as follows: 

e f q

3

2
T p iψ=  (1) 

e L 0

dω
J T T Bω f

dt
= − − +  (2) 

where p is the pole pair number; ω is the mechanical angular velocity; ψf is the magnetic 

flux linkage; iq is the q-axis current; Te is the electromagnetic torque; TL is the load torque; 

J is the rotational inertia; B is the damping coefficient; and f0 represents the other pertur-

bations in the system. 

2.2. Traditional ADRC Design 

The ADRC has weak dependence on the accurate mathematical model of the con-

trolled object. It does not distinguish between internal and external disturbances of the 

system and considers them total disturbances. It then directly observes and compensates 

for the total disturbance in the system. 

The classical ADRC structure mainly consists of three parts: temporal difference (TD), 

extended state observer (ESO) and state error feedback (SEF). 

1) TD design: the TD link mainly extracts the differential signal and arranges the 

transition process. From Equation (2), it can be seen that the speed control of the PMSM 

is a first-order system, there is no differential output of the control object. Then the TD 

link is equivalent to a low-pass filter, which produces a phase lag when the reference input 

signal passes through the TD link. And it will affect the dynamic performance of the 

PMSM, so the TD link can be omiJed. 

2) ESO design: ESO is the core of ADRC. It observes the state variables of the system 

in real time and estimates the total disturbance of the system. Then the system cancels out 

the disturbance through feedforward compensation, and the performance of the system 

can be improved. 

From (1) and (2), the first-order state equation with rotational speed ω as the state 

variable is constructed: 

0f L
q

3

2

fp T B
i

J J J J

ψ
ω ω= ⋅ − − +ɺ  (3) 

Defining the internal and external disturbances in the system as the total disturbance 

f, the expression is 

0L fT B
f

J J J
ω= − − +  (4) 

Defining the motor rotor speed ω as the state variable x1 and the total disturbance f 

as the state variable x2, the state equation becomes: 
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1

2

1

x bu f

x f

y x

= +


=
 =

ɺ

ɺɺ  (5) 

where y is the output of the system, i.e., the rotational speed ω; u is the control quantity, 

i.e., the given current; b is the parameter of the state equation and satisfies 

f3

2

p
b

J

ψ
=

 
(6) 

According to the above second-order state equation, the traditional type second-or-

der ESO is constructed as follows 

1

1 2 1 0

2 2

e z y

z z h e b u

z h e

= −


= − +
 = −

ɺ

ɺ

 (7) 

where e is the state observation error of ESO; z1 is the observation of state variable x1, i.e., 

the observation of rotational speed ω; z2 is the observation of state variable x2, i.e., the 

observation of perturbation f; b0 is the estimation of parameter b, which is usually taken to 

be b0 = b; and h1, h2 are the gain coefficients of ESO. 

Convert Equation (7) into matrix form: 

0 11 1 1

2 2 2 2

        1

    0 0     

b hz h z u

z h z yh

−         
= +         −         

ɺ

ɺ
 (8) 

According to G = (sI-A)−1B, the transfer function of the ESO is obtained as follows: 

0 1 2
1 2 2

1 2 1 2

2 0 2
2 2 2

1 2 1 2

( ) ( ) ( )

( ) ( ) ( )

b s h s h
z s u s y s

s h s h s h s h

h b h s
z s u s y s

s h s h s h s h

+
= + + + + +


− = +

 + + + +

 (9) 

Write the characteristic equation of ESO from (9): 

2
1 2( )s s h s hλ = + +  (10) 

According to Gao’s bandwidth method [19], make the system characteristic equation 

satisfy: 

2
0( ) ( )s sλ ω= +  (11) 

Obtain the gain coefficient of ESO as: 

2
1 0 2 02 ,h hω ω=    =  (12) 

where ω0 is the observer bandwidth. 

3) SEF design: SEF compensates for the total disturbance estimate obtained from ESO 

in the system. This achieves the disturbance rejection performance of the system. 

Input the error between the measured value and the given value into the system. 

Obtain initial current value through linear error feedback control rate: 

* *
q0 p ( )i k ω ω= −  (13) 

where kp is the proportional gain of the controller, usually taken as 

2

p ck ω=  (14) 

where ωc is the control loop bandwidth, a common rule is to choose ω0 = (3~5) ωc [19]. 

Then, the disturbance estimation value z2 obtained from ESO is compensated to the 

initial current command value iq0* to obtain the reference current command value 
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*

q0 2*
q

i z
i

b

−
=  (15) 

In summary, the traditional PMSM speed ADRC block diagram is shown in Figure 1. 

b0

1/b0p
k ( )G s

1

s

2h

1
z2z

e−

1h

1

s

n
*

0q
i *

qi

Traditional ESO

Plantf
*

mω mω
+

-

+

-

+

+

-

+

+

- +

+

+

+

 

Figure 1. The traditional ADRC block diagram. 

2.3. Performance Analysis of Traditional ADRC 

Define the system disturbance rejection function Φf as: the transfer function between 

the total disturbance f and the system output speed ω; the system noise suppression func-

tion Φn as: the transfer function between the measurement noise n and the system output 

speed ω. 

Organize (6) according to Figure 1 as 

0 11 1 1

2 2 2 2

        1

    0 0     

b hz h z u

z h z yh

−         
= +         −         

ɺ

ɺ

 (16) 

Write the transfer function of the traditional ESO according to (16) 

0 1 2
1 2 2

1 2 1 2

2 0 2
2 2 2

1 2 1 2

( ) ( ) ( )

( ) ( ) ( )

b s h s h
z s u s y s

s h s h s h s h

h b h s
z s u s y s

s h s h s h s h

+
= +

+ + + +


− = +
 + + + +

 (17) 

According to (17) and Figure 1, the transfer function of ADRC system for disturbance 

and noise is obtained as: 

2
1

f_ESO 2
1 2 p

( )
( )( )

s h s
s

s h s h s k

+
Φ =

+ + +
 (18) 

2
p 1 2 2

n_ESO 2
1 2 p

( )
( )

( )( )

k s h s h h s
s

s h s h s k

+ + +
Φ = −

+ + +
 (19) 

Bode plots are performed for Equations (18) and (19). Figure 2 shows the amplitude–

frequency characteristic curves of Φf_ESO(s) and Φn_ESO(s) for the ADRC. 
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Figure 2. Disturbance rejection performance and noise suppression performance amplitude–fre-

quency curves characteristics of ADRC with different ω0. (a) Disturbance rejection performance. (b) 

Noise suppression performance. 

When adjusting ADRC parameters, in order to achieve beJer dynamic performance, 

the bandwidth ω0 is usually increased. At this point, the disturbance rejection capability 

of the system is enhanced, but the noise suppression capability of the system is weakened. 

As the bandwidth increases, the change trend of the system’s disturbance rejection capa-

bility and noise suppression capability is opposite. This contradiction limits the choice of 

bandwidth and affects the dynamic performance of the system. 

3. Modified ADRC for PMSM Speed Control 

Compared with the cascaded double-layer ESO-based MADRC in reference [24], the 

proposed MESO in this paper abandons the series-connected dual-ESO framework. In-

stead, it constructs an integrated third-order observer by expanding disturbance deriva-

tive as extra state, which avoids multi-observer parameter coupling and realizes synchro-

nous observation of the disturbance and its differential signal with a single bandwidth 

parameter, thus possessing different structure and disturbance observation principle. 

3.1. Modified ADRC Design 

Expanding the differential term of the perturbation into a new state variable x3 based 

on (5), the third-order state equation is established. 

1

2

3

1

x bu f

x f

x f

y x

= +


=


=
 =

ɺ

ɺɺ

ɺɺɺ

 (20) 

where y is the output of the system, i.e., the rotational speed ω; u is the control quantity, 

i.e., the given current; and b is the parameter of the state equation. 

According to the above third-order state equation, the improved third-order expan-

sion state observer (MESO) is constructed as follows 

1

1 2 1 0

2 3 2

3 3

e z y

z z h e b u

z z h e

z h e

= −


= − +


= −
 = −

ɺ

ɺ

ɺ

 (21) 

where e is the state observation error of MESO; z1 is the observation of state variable x1, 

i.e., the observation of rotational speed ω; z2 is the observation of state variable x2, i.e., the 

observation of perturbation f; z3 is the observed value of the state variable x3, i.e., the ob-
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served value of the perturbation differential term; b0 is the estimation of parameter b; and 

h1, h2, h3 are the gain coefficients of MESO. 

Write the characteristic equation of MESO from (21) 

3 2
1 2 3( )s s h s h s hλ = + + +  (22) 

According to Gao’s bandwidth method [19], the system characteristic equation is 

made to satisfy 

3
0( ) ( )s sλ ω= +  (23) 

The parameters of the modified extended state observer (MESO) are tuned using the 

pole-placement method proposed in Ref. [19]. All observer poles are placed at ω0 to min-

imize the observer gains for a given bandwidth, resulting in the following parameter re-

lations: 

2 3
1 0 2 0 3 03 , 3 ,h h hω ω ω=   =   =  (24) 

When satisfying ω0 > 0, the roots of the characteristic equations are all on the left side 

of the complex plane, so the improved third-order dilated state observer has good stability. 

The SEF is the same as the design in the traditional ADRC in the previous section, 

which satisfies 

*

q0 2* * *
q0 p q( ),

i z
i k i

b
ω ω

−
= −   =  (25) 

MESO can estimate the total perturbation more accurately by making multiple ob-

servations of the perturbation and the differential terms of the perturbation. Figure 3 

shows the block diagram of the MADRC structure based on the MESO. 

b0

1/b0pk ( )G s

1

s

2h

1
z

2z

e−

1h

1

s

n
*

0qi
*

q
i

MESO

Plant

3z 1

s
3h

Obersevation of f

f
*

mω mω
+

-

+

-

+

-

+

+

-
+

+

+

+

+

 

Figure 3. Block diagram of MADRC structure based on the MESO. 

3.2. Performance Analysis of MADRC 

According to (19) and the block diagram of the structure of MESO in Figure 3, it can 

be obtained that 
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0 11 1 1

2 2 2 2

3 3 3 3

        1    0

    0    1 0     

    0    0 0     

b hz h z
u

z h z h
y

z h z h

−       
       

= − +        
       −       

ɺ

ɺ

ɺ

 (26) 

Write the transfer function of MESO from (26) 

2 2

0 1 2 3
1 3 2 3 2

1 2 3 1 2 3

2

3 0 2 0 2 3
2 3 2 3 2

1 2 3 1 2 3

2

3 0 3
3 3 2 3 2

1 2 3 1 2 3

( ) ( ) ( )

( ) ( ) ( )

( ) ( ) ( )

b s h s h s h
z s u s y s

s h s h s h s h s h s h

h b h b s h s h s
z s u s y s

s h s h s h s h s h s h

h sb h s
z s u s y s

s h s h s h s h s h s h

 + +
= +

+ + + + + +
 − − +

= +
+ + + + + +

 −
 = +
 + + + + + +

 
(27) 

For the MESO-based MADRC structure proposed in this paper, the transfer function 

of the MADRC control system for disturbance and noise is obtained from the MESO trans-

fer function (25) and Figure 3 as 

3 2
1

f_MESO 3 2
1 2 3 p

( )
( )( )

s h s
s

s h s h s h s k

+
Φ =

+ + + +
 (28) 

3 2 2
p 1 2 3 2 3

n_MESO 3 2
1 2 3 p

( )
( )

( )( )

k s h s h s h h s h s
s

s h s h s h s k

+ + + + +
Φ = −

+ + + +
 (29) 

In order to reflect the advantages of MADRC, the same bandwidth ω0 = 200 is taken 

for ADRC and MADRC, and the baud plot is ploJed. 

Figure 4 shows the comparison of the amplitude–frequency characteristics of the dis-

turbance rejection capability and noise suppression capability of the traditional ADRC 

and the MADRC proposed in this paper. 

It can be seen that in the low-frequency band, the MADRC has a stronger disturbance 

rejection performance than the ADRC, and in the high-frequency band, the MADRC 

maintains the same noise suppression performance as the ADRC. However, the MADRC 

produces slight noise amplification in the frequency range of 10–200 rad/s. This is a natu-

ral trade-off of the third-order MESO, which enhances low-frequency disturbance rejec-

tion by raising observation gain. Since the main disturbances of PMSM speed regulation 

systems are low-frequency components, and MADRC keeps equivalent high-frequency 

noise suppression ability, this slight amplification will not affect the practical operation of 

the system. 
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Figure 4. Amplitude–frequency characteristics of MADRC and ADRC. (a) Disturbance rejection per-

formance. (b) Noise suppression performance. 
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3.3. Closed-Loop Stability Analysis of the Entire MADRC System 

Combining the PMSM mechanical dynamics, the third-order MESO and linear state 

error feedback law, the observation error states 

1 1 1

2 2 2

3 3 3

e z x

e z x

e z x

= −


= −
 = −

 (30) 

and speed deviation state ∆ω constructed to form a fourth-order augmented closed-loop 

state-space model: 

0 1

2
0 2

3
30

0 1 0

0 3 1 0
,

0 3 0 1

0 3 0 0

pk

e
X X X

e

e

ω

ω

ω

ω

− −  ∆ 
   −   =    =   −
   
 −   

ɺ  (31) 

The characteristic equation of the full closed-loop system is derived by solving det(sI-Acl) 

= 0: 

3 2 2 3
0 0 0( ) ( ) ( ) ( )( 3 3 ) 0cl e pP s P s P s s k s s sω ω ω ω= ⋅ = + + + + =  (32) 

The polynomial is decoupled into two independent stable subsystems: the speed feedback 

loop Pω(s) and the MESO subsystem Pe(s). 

For Pω(s), the Routh array is: 

1

0

1

p

s

ks
     (33) 

The control gain satisfies kp = [(3~5)ω0]2 > 0, so the first column is fully positive. The single 

pole s = −kp is located in the open left half-plane, and the speed feedback loop is asymptot-

ically stable. 

For Pe(s), the Routh array is established as: 

3 2
0

2 0 3
0

21
0

0
3
0

1
3

3

8
0

3

s

s

s

s

ω
ω

ω
ω

ω

      

−

 (34) 

Given ω0 > 0, all elements in the first column are positive. No sign changes occur, which 

means all roots of Pe(s) lie in the open left half-plane, and the MESO error system is as-

ymptotically stable. 

All dynamic poles of the complete PMSM speed regulation system are s = −kp and 

triple repeated poles s = −ω0. For any positive observer bandwidth ω0 > 0, all poles are 

negative real numbers in the open left half-plane. According to the Routh–HurwiI stabil-

ity criterion, the proposed MADRC closed-loop speed control system is globally asymp-

totically stable under the bandwidth parameterization tuning rule. 

4. Simulation Analysis 

A PMSM control system model was built in the MATLAB/Simulink 2021b simulation 

environment to conduct comparative verification of the tracking performance, speed reg-

ulation performance, and anti-disturbance performance of the ADRC and MADRC con-

trollers. In the simulation, the motor parameters and control parameters are shown in Ta-

ble 1. The control block diagram is shown in Figure 5. 
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Measurement noise is superimposed on the speed feedback output channel. The 

noise power is set as 1 × 10−5, and the noise amplitude is restricted between [−5, 5] rpm/s. 

The actual noise waveform is shown in Figure 6. All contrast algorithms share the same 

noise excitation condition for fair performance evaluation of noise suppression capability. 

Table 1. Simulation parameters. 

Parameter Quantity 

Stator phase resistance 1.5 Ω 

Inductances 2.55 mH 

Flux linkage 0.193 Wb 

Inertia 0.00194 kg·m3 

Pole pairs 4 

Rated speed 1000 rpm 

Rated voltage 220 V 

Rated current 6 A 

Rated power 1.5 kW 

Switching frequency 20 kHz 
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Figure 5. The control block diagram. 
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Figure 6. The noise waveform. 
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4.1. Tracking Performance Simulation 

When the reference speed steps from 700 rpm to 1000 rpm, the speed response wave-

forms corresponding to the two control strategies are shown in Figure 7. In the simulation, 

the observer bandwidth ω0 is set to 200 rad/s. It can be seen that, the speed response curve 

of the ADRC speed controller exhibits an obvious overshoot phenomenon, while the 

MADRC speed controller is able to track the given command quickly without overshoot. 

Compared with ADRC, the seJling time of the MADRC speed controller is significantly 

shortened, and its dynamic response is much faster. The above results indicate that 

MADRC has higher control accuracy and faster dynamic response speed. 
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n
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Figure 7. The speed response waveforms of ADRC and MADRC. 

4.2. Anti-Disturbance and Anti-Noise Performance Simulations 

Apply load disturbances and test the system’s anti-disturbance performance. Inject 

noise into the speed measurement link and test the system’s anti-noise performance. Set 

the rotational speed to 1000 rpm and the step load value to 5 Nm in the simulation; apply 

the load suddenly at 0.2 s and remove the load suddenly at 0.3 s. By seJing multiple 

groups of bandwidths ω0, we investigate the effects of bandwidth on the anti-disturbance 

and anti-noise performance of ADRC and MADRC. Figure 8 and Figure 9 show the sim-

ulated waveforms of rotational speed and current under load disturbance with ADRC and 

MADRC controllers, respectively. Performance indicators such as the rotational speed 

fluctuation value and current ripple magnitude are shown in Table 2 and Table 3, respec-

tively. 

It can be seen from the simulation results that with the increase in bandwidth, the 

speed fluctuation caused by load disturbance gradually decreases, and the adjustment 

time becomes shorter and shorter, which indicates that the anti-disturbance performance 

of the speed loop is enhanced. However, the speed fluctuation and current ripple increase 

significantly, which shows that the increase in bandwidth also improves the system’s sen-

sitivity to noise, which is consistent with the theoretical analysis. 

By comparing Figures 8a,b and 9b–d, it can be found that at the same bandwidth 

values (ω0 = 200 and ω0 = 400), the anti-disturbance performance of the MADRC controller 

is superior to that of the ADRC controller, characterized by smaller speed fluctuation val-

ues and shorter adjustment time. However, the magnitudes of the q-axis current ripples 

are basically consistent, which indicates that the anti-noise performance of the two control 

methods is similar and is consistent with the results presented in the aforementioned Bode 

plots. 

As can be seen from the theoretical analysis and simulation results presented above, 

the two controllers (ADRC and MADRC) exhibit similar anti-noise performance at the 

same bandwidth, while MADRC has significantly beJer anti-disturbance performance 
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than ADRC. To balance the system’s anti-noise performance, the acceptable range of q-

axis current ripple is set within 1 A, and the bandwidth ω0 is finally set to 400. 
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Figure 8. The speed and current waveforms with ADRC in simulations. (a) ω0 = 200, (b) ω0 = 400, (c) 

ω0 = 600, (d) ω0 = 800. 
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Figure 9. The speed and current waveforms with MADRC in simulations. (a) ω0 = 100, (b) ω0 = 200, 

(c) ω0 = 300, (d) ω0 = 400. 
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Table 2. The anti-disturbance performance of ADRC in simulations. 

Performance ω0 = 200 ω0 = 400 ω0 = 600 ω0 = 800 

Loading 
∆ω (rpm) −92.1 −60.3 −34.7 −22.3 

∆t (ms) 56.8 44.6 21.9 14.1 

Unloading 
∆ω (rpm) +92.4 +61.9 +37.2 +23.2 

∆t (ms) 59.1 44.2 20.5 15.1 

iq ripple (A) 0.22 0.66 1.20 1.84 

Table 3. The anti-disturbance performance of MADRC in simulations. 

Performance ω0 = 100 ω0 = 200 ω0 = 300 ω0 = 400 

Loading 
∆ω (rpm) −61.7 −37.6 −23.8 −14.8 

∆t (ms) 25.4 13.9 8.1 5.9 

Unloading 
∆ω (rpm) +61.8 +37.5 +24.3 +15.3 

∆t (ms) 26.3 12.8 7.9 5.7 

iq ripple (A) 0.20 0.23 0.42 0.63 

4.3. Robustness of the MADRC Controller in Simulations  

All the above simulations are based on the premise that motor parameters can be 

accurately obtained, i.e., the parameter b0 is accurate. To verify the robustness of the 

MADRC controller against the parameter b0, simulations are conducted by seJing b0 to 

twice and half of its nominal value b, respectively when ω0 = 400. Figure 10 shows the 

simulated waveforms of speed and current under load disturbance with the MADRC con-

troller for different values of b0. Table 4 presents the specific performance indicators. By 

comparing Figure 10 with Figure 9d, it can be observed that when b0 deviates from its 

nominal value, both the speed fluctuation ∆ω and regulation time ∆t caused by load dis-

turbance increase slightly, while the range of variation remains narrow. And it can be 

observed that when b0 deviates from its nominal value, the variation range of the speed 

fluctuation caused by load disturbance does not exceed ±5.1 rpm, and that of the regula-

tion time is within ±1.2 ms. The simulation results demonstrate that the MADRC control-

ler exhibits favorable robustness. 
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Figure 10. The speed and current waveforms with MADRC in simulation. (a) b0 = 0.5b, (b) b0 = 2b. 

Table 4. The robustness performance of MADRC in Simulations. 

Performance b0 = 0.5b b0 = b b0 = 2b 

Loading 
∆ω (rpm) −17.7 −14.8 −19.9 

∆t (ms) 6.2 5.9 7.3 

Unloading ∆ω (rpm) +18.8 +15.3 +20.5 
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∆t (ms) 6.0 5.7 6.8 

iq ripple (A) 0.72 0.63 0.77 

5. Experimental Verification 

In order to verify the feasibility and effectiveness of the proposed strategy, experi-

mental validation is carried out on the laboratory PMSM. Figure 11 shows the experi-

mental platform, which is constructed with two PMSMs in back-to-back dragging struc-

ture. One machine is the prototype under test, while the counterpart operates as a gener-

ator. The generator’s terminal power is processed by an uncontrolled diode rectifier circuit. 

Sudden loading and unloading are implemented by quickly switching the external load 

resistance connected to the DC side of the rectifier. The inverter DC bus voltage is 200 V 

and the power device switching frequency is 20 kHz. The DSP-based controller executes 

control algorithm at 20 kHz sampling frequency. Rotational speed is measured via a 2500-

line incremental encoder with four-fold frequency subdivision, and stator phase currents 

are sampled using Hall-effect current sensors. 

DC power

PC

Oscilloscope

Controller

PMSM Platform Load

Inverter

 

Figure 11. Experimental platform of PMSM drives. 

5.1. Tracking Performance in Experiments 

Under no-load conditions, the speed reference is stepped from 700 rpm to 1000 rpm 

to compare the speed tracking performance of the ADRC and MADRC strategies. The 

speed responses of the two control strategies are presented in Figure 12. Both strategies 

use the same bandwidth ω0, which is set to 400. It can be seen that during the speed refer-

ence step input, the speed response of the system with the ADRC speed controller exhibits 

a certain degree of overshoot, while the system with the MADRC speed controller shows 

no overshoot. In addition, under the same bandwidth condition, the command tracking 

speed of the MADRC speed controller is significantly faster. 
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Figure 12. Step response of two control strategies at no load. (a) ADRC. (b) MADRC. 
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5.2. Anti-Disturbance and Anti-Noise Performance in Experiments 

Apply load disturbances and test the system’s anti-disturbance performance. The 

prototype is first operated stably at 1000 rpm under no-load conditions, followed by a 

sudden application and removal of a 5 Nm load. Multiple groups of comparative tests are 

conducted for both ADRC and MADRC with different values of ω0 selected. 

Figure 13 and Figure 14 show the experimental waveforms of rotational speed and 

current under load disturbance with ADRC and MADRC controllers, respectively. Perfor-

mance indicators such as the rotational speed fluctuation value and current ripple magni-

tude are shown in Table 5 and Table 6, respectively. 
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Figure 13. The speed and current waveforms with ADRC in experiments. (a) ω0 = 200, (b) ω0 = 400, 

(c) ω0 = 600, (d) ω0 = 800. 
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Figure 14. The speed and current waveforms with MADRC in experiments. (a) ω0 = 100, (b) ω0 = 200, 

(c) ω0 = 300, (d) ω0 = 400. 

It can be seen from Figure 13 and Table 5 that for the ADRC controller, as the band-

width ω0 increases from 200 to 800, the speed drop decreases from 145 rpm to 85 rpm and 

the regulation time reduces from 190 ms to 125 ms during loading process; during un-

loading process, the speed overshoot decreases from 155 rpm to 95 rpm and the regulation 

time drops from 185 ms to 130 ms. The anti-disturbance performance of the system is en-

hanced, while the q-axis current ripple increases from 0.7 A to 3.4 A, which leads to a 

gradual degradation of the system’s anti-noise performance. 
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Table 5. The anti-disturbance performance of ADRC in experiments. 

Performance ω0 = 200 ω0 = 400 ω0 = 600 ω0 = 800 

Loading 
∆ω (rpm) −145 −125 −90 −85 

∆t (ms) 190 175 155 125 

Unloading 
∆ω (rpm) +155 +135 +110 +95 

∆t (ms) 185 165 150 130 

iq ripple (A) 0.7 1.3 2.5 3.4 

Table 6. The anti-disturbance performance of MADRC in experiments. 

Performance ω0 = 100 ω0 = 200 ω0 = 300 ω0 = 400 

Loading 
∆ω (rpm) −135 −125 −90 −80 

∆t (ms) 210 170 140 125 

Unloading 
∆ω (rpm) +140 +125 +90 +75 

∆t (ms) 205 160 145 130 

iq ripple (A) 0.7 0.8 1.0 1.2 

By comparing Figure 13a,b with Figure 14b,d, it can be observed that at the same 

bandwidth values (ω0 = 200, 400), the MADRC controller exhibits stronger anti-disturb-

ance performance than the ADRC controller, with smaller speed drop and shorter regula-

tion time. Nevertheless, the q-axis current ripples are comparable in magnitude, indicat-

ing that the anti-noise performance of the MADRC controller is equivalent to that of the 

ADRC controller. The above experimental results are consistent with the simulation re-

sults. 

When the bandwidth of the ADRC controller is set to 800 and that of the MADRC 

controller is set to 400, their anti-disturbance performance is comparable, and a compari-

son of the anti-noise performance of the two systems is presented below. Figure 15 shows 

the experimental waveforms of the steady-state phase currents when the ADRC (ω0 = 800) 

and MADRC (ω0 = 400) controllers are adopted, respectively. It can be seen that the ampli-

tude of the phase current fluctuates continuously when the ADRC controller is adopted, 

whereas the phase current amplitude remains highly stable with the MADRC controller. 

This is because the ADRC controller requires a larger bandwidth to achieve the same anti-

disturbance performance as the MADRC controller, but a larger bandwidth will degrade 

the anti-noise performance of the system, thereby impairing the system stability. 
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Figure 15. Comparison of phase current waveforms. (a) ADRC (ω0 = 800). (b) MADRC (ω0 = 400). 

5.3. Robustness of the MADRC Controller in Experiments 

To verify the anti-disturbance performance of the MADRC controller under different 

values of b0, load disturbance experiments are conducted with the estimated value of b0 

set to twice and half of its nominal value b, respectively, at a fixed bandwidth of ω0 = 400. 

Figure 16 shows the experimental waveforms of speed and current under load disturb-

ance with the MADRC controller for different values of b0. Table 7 presents the specific 

performance indicators. 
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By comparing Figures 14d and 16, Tables 6 and 7, it can be observed that when pa-

rameter b0 varies, the variation in the rotational speed does not exceed ±10 rpm, the vari-

ation in the regulation time is within ±5 ms, and the variation in the q-axis current is no 

more than ±0.1 A. The experimental results verify that the MADRC controller exhibits 

favorable robustness. 
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Figure 16. The speed and current waveforms with MADRC in experiments. (a) b0 = 0.5b. (b) b0 = 2b. 

Table 7. The robustness performance of MADRC in experiments. 

Performance b0 = 0.5b b0 = b b0 = 2b 

Loading 
∆ω (rpm) −90 −85 −95 

∆t (ms) 130 125 125 

Unloading 
∆ω (rpm) +85 +75 +95 

∆t (ms) 130 130 135 

iq ripple (A) 1.3 1.2 1.4 

6. Conclusions 

This paper proposes a MADRC control strategy for the PMSM speed regulation sys-

tem based on an improved ESO. By observing disturbances and their differential terms 

multiple times, the accuracy of disturbance estimation has been improved, thereby en-

hancing the system’s capability to resist disturbances. This method solves the problem of 

weakened system anti-noise performance caused by increasing bandwidth in traditional 

ADRC. Simulations and experimental results show that: 

(1) For both the traditional ADRC and the proposed MADRC, a larger bandwidth leads 

to stronger anti-disturbance performance and higher dynamic performance of the 

system, but the anti-noise performance of the system will decrease accordingly. 

(2) At the same bandwidth, the proposed MADRC can achieve more excellent anti-dis-

turbance performance compared with the traditional ADRC. 

(3) At the same bandwidth, the traditional ADRC and the proposed MADRC exhibit 

comparable anti-noise performance. 
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(4) Compared with the traditional ADRC, the proposed MADRC can achieve the same 

anti-disturbance performance with a smaller bandwidth, thus beJer balancing the 

anti-noise performance of the system. 

Practical design recommendations and inherent limitations of MADRC are con-

cluded for engineering practitioners: 

First, compared with conventional ADRC, the proposed MADRC improves anti-dis-

turbance performance without sacrificing suppression performance. Hence, it can fully 

replace traditional ADRC for variable-load drive applications. 

Second, an empirical rule ω0 = (3~5) ωc is recommended for parameter initialization 

in most engineering scenarios. Designers can determine b0 from the mathematical model 

of the controlled plant to assign initial ω0, and iterative alternating tuning of ω0 and b0 is 

required to achieve satisfactory anti-disturbance and anti-noise performance simultane-

ously. 

Third, MADRC has no fundamental enhancement on noise suppression performance. 

Under ultra-high measurement noise condition, state estimation is inevitably corrupted, 

resulting in degraded dynamic response despite fine control parameter optimization. 
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