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Abstract: The paper is focused on improvements of the conventional speed controller based
on Active Disturbance Rejection Control (ADRC) applied for a two-mass electric drive
system. The described ADRC structure is based on load-side speed measurement. The
paper compares conventional structure dynamics with overall system behavior in the case
plant parameters are changed. The proposed ADRC algorithm extension performs soft
controller parameters adjustment to improve the dynamics and plant response. The presented
approach accomplishes adaptation capabilities with the use of a Radial Basis Function
Neural Network (RBFNN). The article presents the dynamic response of the plant controlled
by the conventional ADRC algorithm and the designed neural adaptation extension. The
results are based on the performed experimental tests.

Key words: active disturbance rejection control, adaptive control, electric drives, neural
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1. Introduction

Modern electric drive systems are designed to provide a highly dynamic plant response.
Moreover, the demand is that the effect of parameter uncertainty and external disturbances must be
minimal. Assuming an ideally stiff connection between the motor and the load machine is usually
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sufficient. However, in certain applications, such as robotic structures [1,2], wind turbines [3],
and electric vehicles [4], the flexibility of the connecting element must be taken into account.
Current trend in robotic structure design revolves around manufacturing the elements from lighter
materials for lower energy consumption and increased operation safety. In turn, the decrease in
weight resulting from the change in materials used causes another point of elasticity. From the
control system perspective, finite stiffness of the mechanical structure is an undesirable feature. The
oscillations of state variables, which are the direct effect of the elastic construction, cause problems
with control precision, machine longevity, and stability [5]. The oscillations must therefore be
mitigated. Even though installing mechanical dampeners might appear as an adequate solution,
they require further complication of the mechanical structure, increase the overall cost of the drive
system, and enforce more frequent maintenance. Therefore, an algorithmic approach to oscillation
damping is investigated.

Multiple different techniques are used in the literature to control two-mass systems. One
of the most commonly selected algorithms is PID control [6]. It is appealing because of its
low complexity and ease of implementation on programmable devices. However, due to limited
information obtained from the control structure, PID control seldom provides satisfactory results.
Improvements can be obtained through additional feedback [7]. Also, with the supplementary
signals, the form of the controller can be changed to State Feedback Control [8,9]. Attempts
are also made to change the description of the plant through the combination of Partial and
Ordinary Differential Equations to obtain wave models [10]. All the approaches, despite providing
high control quality, have one common weakness: their vulnerability to plant parameter changes.
Tuning of those controllers requires the plant parameters to be fully known. Even if the plant
is meticulously identified, its parameters can undergo changes during its operation. Therefore,
robustness becomes a highly sought-after feature of speed controllers in multi-mass systems.

Robust control algorithms ensure proper operation of the plant within a predefined range of
its possible parameter changes. The controller gains and structure remain unaltered at all times.
Examples of such strategies include Hoo Control [11], Fuzzy Logic Control [12], Sliding Mode
Control [13], and Active Disturbance Rejection Control (ADRC) [14—17]. Especially the last
approach has lately become very popular in research institutes around the world. ADRC does
not require the exact plant model to be known beforehand. In this method, it is implemented as
a multi-integrator block. The principle of this strategy is to treat all the internal and external
disturbances as an additional variable supplied to the control structure. The algorithm consists of
three main blocks: a state observer, a controller, and a rejector. Information about the state of the
plant and its disturbances is obtained from the state observer. The state variables are later fed back
to the error-based controller block, while the disturbance is sent to the rejector to establish the
final control signal.

ADRC performs according to expectations when the parameters of the plant remain within
the anticipated range. If the changes exceed that range, significant deterioration of the system
response could happen. Greater changes in plant parameters would have to be mitigated through
gain adaptation [18]. One of the most investigated methods of incorporating adaptive properties
in the control structure is to combine the algorithm with a neural network. Often Radial Basis
Function Neural Networks (RBFNN5s) are selected [19, 20]. In such a network each radial neuron
represents a cluster of the data space, and their weighted superposition is the output of the neural
network. They are an excellent tool for establishing a relationship between the input and the output
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data, especially if the relationship is highly nonlinear. Adaptive properties are achieved if the
training of the RBFNN is performed simultaneously with the operation of the plant. The weights
of the network are then adequately adjusted to provide the needed signal.

The main contribution and goal of this study is to provide a control structure for electric
drives with an elastic connection capable of withstanding plant parameter changes and external
disturbances. A two-mass system is selected as the plant. The proposed algorithm provides
robustness of ADRC strategy combined with adaptive properties of an RBFNN. The paper is
organized as follows. First, the mathematical model of the plant and preliminary information
regarding ADRC are presented. Then, the proposed neural-enhanced ADRC structure is introduced.
Its performance is tested in numerical studies, and then verified on a laboratory test bench. The
obtained results are summarized and discussed in the final part of the article.

2. Plant model

The object analyzed in the article is an electric drive with a long, elastic shaft connecting the
motor with the load. Comprehensive analysis of the considered drive is presented in chapter 5 of
this article. Such a construction can be modeled as a two-mass system. The mechanical part can
be described with the following set of equations:

{ Jiw1 =T, = (Tr + D(w1 — w2)) = Ty )
Jrwry = (Tt + D(wy —w2)) =Ty = Ty
and

Tt = Kc (a1 — a) @)

Tr = Kc (w1 —w) ’

where: w;, w; are the rotational speeds of the motor and the load, respectively, T, is the
electromagnetic torque, Tr is the torsional torque, T is the torsional torque time derivative, D
is the damping coeflicient, 17, is the torque load, K¢ is the stiffness coeflicient, T¢, T, are the
friction torques, a1 a; are the shaft angular displacements near the motor and the load, respectively.

To analyze the most critical mode of operation, during further analysis the damping coefficient
D is assumed to be 0. The graphical representation of the equations is shown in Fig. 1. In this
model, the electromagnetic torque 7, acts as an input signal, and angular speed of the load is
regarded as the plant output.

Ta(t) 1 TT(t) TTm 2 1)

wq(t) wy(t)

Fig. 1. The graphical representation of the two-mass system model
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A strong relationship between the state variables can be observed. This dependence causes the
oscillations to appear in the system response. A control structure for such a system has to fulfill
multiple criteria. The strategy must be capable of mitigating the oscillations that appear in the
plant response. Moreover, robustness against parameter uncertainty must be provided. Finally, the
ability to withstand external disturbances must also be guaranteed. In this study, ADRC control
strategy is selected and enhanced with adaptive properties from an RBFNN.

3. The proposed control strategy equipped with active ADRC controller
neural adjuster

Nowadays, due to strict demands forced by industry, efficient control strategies are developed.
One of the most common control methods featuring robust properties is known as Active
Disturbance Rejection Control. Its main assumption is that the exact mathematical form of the
plant does not need to be known, as it can be described in the form of a multi-integrator block.
Moreover, one of the most essential principles of the ADRC strategy assumes that both the external
and internal disruptions (e.g. load torque, changed friction value, stiffness, or elasticity) are treated
as an additional, combined disturbance affecting the system. The precise form of the disturbance
can also be omitted, which constitutes a huge advantage of the ADRC over similar structures. The
proposed algorithm concerns the Active Disturbance Rejection Control variant, which strongly
refers to the two-mass electric drive system issue. The described approach was first developed
and briefly described in the series of scientific papers [21,22]. The algorithm described in those
manuscripts features the lack of necessity of using a Tracking Differentiator block. It is also based
on the idea of load side speed measurement only. That being said, the proposed structure facilitates
the implementation process and increases the durability of the drive by minimizing the number
of mechanical sensors used. Therefore, the aspects of the described ADRC approach constitute
an undeniable prevalence of the Load Side Speed Measurement ADRC controller over similar,
two-mass system control algorithms.

The Active Disturbance Rejection Control algorithm consists of three primary elements:
the main controller, the rejector, and the Extended State Observer. The role of the controller is
to produce an initial form of the control signal. Then, after executing proper calculations, the
estimated disturbance is subtracted from the control signal in the Rejector block. Having conducted
the mentioned subtraction, the final form of the control signal is relayed to the further part of the
control loop. The Extended State Observer is considered the most critical element of the whole
ADRC strategy. Not only is it responsible for calculating consecutive state space variables (e.g.
derivatives of speed), but it is also in charge of estimating the additional, extended state variable,
where the combined disturbance value is stored. The Extended State Observer is based on the
Luenberger model, which gives the possibility to shape its internal dynamics. The main role of
the state observer is to recreate the internal plant dynamics without the necessity of using its
mathematical equation. Therefore, the state space variables are also estimated on-line, which
has a positive impact on the control system quality, as the measurement noise is not needlessly
amplified during derivative calculations.
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In order to simplify the plant model to the form of a multi-integrator block, the internal
dynamics of the plant need to be treated as an additional disturbance as well. That being said,
a simplified plant can be presented with the scheme shown in Fig. 2.

u=T, / ) %_ / TT:?__* / ©;

Fig. 2. The plant model presented in the form of a multi-integrator block

Y

Considering the fact that the load side speed feedback is available only, and taking the simplified
plant model into account, a third load side speed derivative needs to be calculated in order to
obtain a desired motor speed change. That being said, referring to the plant model, shown in Fig. 2,
the abovementioned consideration can be described with the following formula:

dwi(1) _ Pwa(t)
ot a3 S

Calculating the third derivative of &, leads to the equations:

Ly = (Tr + D (&1 — @) =T — Tz = (K (01 — ) + D (@1 — @) =T = Tp2, (4

K¢ D 1. 1..
o Ke oo 0 D o e L 5
@ = (w1 = an) 7 (&1 — @) A (5)

The first w; derivative can be described as:
1 1 D 1
o) = —T — —Tr — — (w) — w3) — —Tf1. 6
@ =7 TR (w1 — w2) 7, (6)

Substituting w; with Eq. (6) leads to:

Ke (1 1 1 D 1. 1.
Wp=— T ——Tr— (Wi —w) - — —Tp1 |+ — (@1 —@2) — T — —Tp, (7)
h\n e n' Ay A L n

Kc Kc Kc . Kc
= 2C 7, - 2C (Ke (@) - an) + D (0 - w2)) — ~Sap — —<
=7 Te= 70 (Kc (a1 — @) + D (w1 — w2)) 5
D 1. 1..
+— (01 =)= —T - —Ty, (®)
D Lo !
Kc Kc cD Kc . Kc
= 207, - 2C€ (Ke () — a2) + Dwy) + _ €, - 2C
W) LT L, (Kc (a1 — a2) + Dwy) i, w) 7 W o,
LD, Dol 1. o
—&1 — —@y— =T — —Tp.
e A A L b~ 72
Assuming that
K¢
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u="T,,
Ke Ke D 1. 1.
A=-——(Kc (a1 —@)+Dw)) - —Tf1 + —i1 — —T — —Tp,
b Y A A A A

the above expression can be simplified to the following form:

D K
Wy = ——wy — —Ca)2 + bDU)z + bu + A. (10)
J Jo

Then, the phase plane variables can be assumed as:

X1 = Wy
X2 =Wy . (11D
X3 = @y

So, the state space equation of the two-mass drive system can be presented as:

X = W =@

o e X2:(/.)2

X =0

22 =y D K. : (12)
X3 = Wy X3=——wWy— —wy+bu+A

_ b b

y=A y=x

However, considering the fact that the Extended State Observer architecture includes the
additional state space variable incorporating the information about the combined disturbance, the
extended variable can be defined as:

x4 = f(t, wa, w0, 0). (13)

Thus, the final state space equation of the examined two-mass electric drive unit can be
expressed as follows:

X1 = Wy
Xo = Wy
X3 = x4 + bu , (14)
x4 = f(t, wa, 2, )
y=x1
where:
. . D . KC . KC C
f W, W2, @) = — =G — —— i + —=—Dwy — —< (K¢ (a1 — a2) + D
f(t, w2, w2, @) A ARy e (Kc (a1 — a2) + Dwy)
Kc D | |

- —Tn+ =0 - =T — =T 15
L TR TR T R (15
is the combined disturbance equation.
Therefore, the precise form of the mathematical disturbance description is rejected, as it is
estimated with the use of the estimation error (eg). The final Extended State Observer equation
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can be described with the following expression:

e =21ty

21 =22+ Bieg

=23+ Baeg , (16)
23 = z4 + Byeg + bu

24 = Byeg

where z4 is the estimated disturbance value.
According to the approach, presented in [21], the controller equation can be defined as:

uy = kp (Wret — 21) = kazz — kgazs, (17)

where &, kg, kqq are the controller gains. The final control signal u is established in the disturbance
rejector block, and is calculated using the following formula:
uo — 24

=== (18)

Considering the fact that the derivative of the third state space variable can be also rewritten as:
X3 =dp = f (1w, w2, &) + bu. (19)

After combining Egs. (18) and (19) the final form of the third derivative of the load speed can
be simplified to:
)'C3 = &)'2 = Ugp. (20)

The final controller gains are determined by the Pole Placement method. After switching the
controller differential equation to the Laplace domain, the representative polynomial of the used
controller can be obtained:

P(p) = p° + kaap® + kap ~ kp, @1

where p is a Laplace operator. Considering the fact that the controller representative formula
is a third order equation, a third order transfer polynomial needs to be assumed as a reference
mathematical expression. The final reference equation can be described as follows:

M(p) = p* + 3w, p* + Swfp + wf, (22)

where w, is a controller cut-off frequency (design parameter). Having compared the P(p) and
M (p) coeflicients, a final set of controller gains can be presented as:

kp = w?
kg =3w? . (23)
kaa = 3w,

Despite the fact that the ADRC algorithm is considered as a robust control technique, it turns
out that its robustness can be increased. The b coefficient is the only factor in the ADRC control
strategy, which is strictly related to the plant parameters. The controller gains values are based
on the controller cut-off frequency. The standard solution provides robustness against changed
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plant parameters. However, in that scenario, there are some inconveniences visible in the plant
response which may affect the durability of the drive. The main goal of the proposed algorithm is
to increase the accuracy of the way the actual load side speed follows its reference trajectory in
terms of changed plant parameters. The main assumption of the proposed approach is to extend the
standard ADRC algorithm with an additional, floating coeflicient, which can adapt the values of
the tuned parameters within limited range on the fly. The controller gains adjustment is related to
the actual torque demand. By doing so, the controller gains are only increased in the dynamic states
of the drive, when the torque demand is high. In the steady state of the drive gains are lowered
not to force unnecessary vulnerability of the control system. The proposed solution significantly
increases the overall plant response quality without the necessity of adjusting plant parameters
(b coeflicient). To achieve this, a Radial Basis Function Neural Network (RBFNN) has been
employed. The overall scheme of the proposed control algorithm is shown in Fig. 3.

—_—
Adaptation - Cadapt
<

Algorithm

Signal

Filter
s
A

[0]
|
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; -
Rejector > 5
) urrent control loop -
— T
| and two-mass system
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1 (bserver <

Fig. 3. The proposed ADRC structure with neural parameter adjustment

A Radial Basis Function Neural Network is a simple, feedforward neural network with one
hidden layer of neurons. A typical RBFNN consists of three layers: input layer, hidden layer, and
the output layer. Each neuron of the hidden layer is equipped with a Gaussian activation function.
In the final part of the network there is a linear neuron which produces the final output of the
neural structure. An RBFNN is trained on-line with the use of the gradient-descent method, which
makes it a perfect tool for control loop applications. The simplicity and universality of the RBF
network makes it a feasible tool in terms of demanding applications. It provides low resource
utilization combined with adaptive capabilities. The structure of the applied RBFNN consists of 5
hidden neurons and is shown in Fig. 4.

The controller gains share strong interdependencies with the controller cut-off frequency.
In order to keep the mentioned relationships unchanged, the floating coefficient modifies each
controller gain proportionally. Thus, the final form of the controller output can be described as:

ug = (kp (wref — 21) — kazo — kaazs) yrar, (24)
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where yrpr is the RBFNN output, and can be defined as follows:

_ _ lx—Cil|?
YRBF = Z wih; = Z Wi exp (=7 (25)

where: C; is the neuron center vector, x is the input, o is the scaling factor, w; is the weight
coefficient, A; is the activation function value.

Fig. 4. The overall architecture of the applied neural network

The weight adaptation of the Radial Basis Function neural network is based on the gradient-
descent method. Its main assumption is to inverse the data flow inside the network and calculate
the derivatives of the cost function with respect to the weight coefficients. The value of the cost
function needs to be minimized. For the sake of the proposed algorithm the cost function can be
defined with the equation:

1
E (k) = 5 (k), (26)
where e is the adaptation algorithm error and can be described as:
€ (k) = Uref (k) = Yrbf (k - 1) . (27)

Following the gradient-descent method procedure, a cost function derivative needs to be
calculated with respect to the weights:

IE(K)

_ Buref(k) _ ayrbf(k -1)
aw(k)

ow(k) ow(k) (28)

(uref(k) - yrbf(k - 1))

Considering the fact that the reference control signal value does not change in a specific time
period it can be treated as a constant, which leads to the formula:

Outres (k) _
ow(k) 29)
which simplifies Eq. (28) to the following form:
OE(k) _ Oyrpf(k —1)
k) - (tref (k) = yrpp(k — 1)) (_T(k)) (30)
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Considering Eq. (25), for the i-th weight coeflicient, the above formula can be rewritten as:

OE(k) Ohi(k — Dwi(k - 1)
—= = (trer(k) — yrpr(k = 1)) [ - , 1
) (ttres (k) = yrpp( ) ( Fwh) (1)
and after subsequent transformation:
E(k) lx=Cill®
——— = (uger(k) = yypr(k = 1)) [- -— ). 32
() (ttre (k) = yrig ( ))( eXp( 52 (32)
The update of network parameters is described as follows:
JE (k) Oyrpr (k= 1)
1) = — = 1, -y -1 -,
Wk + 1) = w (k) =g = w (k) (s (K) = g (k= 1) ( s (33)
which can be simplified to the expression shown below:
wk+1)=w(k)+ne(k)h(k-1). (34)
The above considerations are confirmed after applying the chain rule:
OE (k) OE (k) de(k) Odu(k—1)
= =—e(k)h(k-1), 35
aw (k) - dek) duk—1) aw) - cWhk=1) (33)
where JE(K)
—Be(k) = e(k).
de(k) — _1. because de(k) _ Outrer (k) — Oyrpr(k — 1) _ Otrer (k) — Ou(k — 1) -1
Ou(k —1) ’ Ou(k —1) du(k - 1) Ou(k —1) ’
because yrpr (kK — 1) = u(k — 1), which is a control signal.
ou(k)
Bwi(k) - hl(k)

Stability analysis is a mandatory point of modern control systems design process. It is necessary
to give a theoretical background concerning the information about the control system convergence.
However, if neural networks are applied to the control loop, the stability issue becomes more
sophisticated. Due to the high non-linearity of the control system equipped with neural models
and the plant, typical analytical and graphical methods are not sufficient. In order to analyze the
stability of the system, Lyapunov Theory needs to be employed. The Lyapunov Stability Theory is
a groundbreaking tool, which allows one to examine the stability of the time-varying, dynamic
systems with high non-linearity. Despite the fact that the ADRC stability has been proven in
various publications (e.g. [22]), the use of the Neural Network has an enormous impact on the
overall system stability and cannot be omitted.

The stability of the Radial Basis Function Neural Network is dependent on the adaptation
algorithm convergence. Taking the basic Lyapunov Theory principle into account, a system is
stable, when the following condition is ensured:

L=VV <0, (36)
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where V is the Lyapunov candidate function, and can be described as:
1
szm)zzéwy (37)

When V is positive, it can be assumed that the system stays globally stable in the sense of
Lyapunov, when the candidate function derivative is negative:

vV <0. (38)
Thus, the overall stability condition can be presented with the equation:
L=E(()E (k) <0, (39)
which means, that the following condition needs to be fulfilled:
E (k) <0. (40)

Considering the fact that the weight coefficient in the following numerical step can be described
with Eq. (33), a similar mathematical expression can be written with regard to the adaptation
error [23]:

e(k+1)=-e(k)+ Ae(k), 41)

and then, the following extension can be obtained [24]:

de (k)
Ae (k) = -Aw (k). 42
e(k) = 5w (k) (42)
Considering the fact that:
OE (k) de (k)
Aw (k) = - = -ne (k , 43
w (k) 5w (k) ne()aw%k) (43)
a following formula can be acquired:
de? (k)

Ae (k) = —ne (k) (44)

ow? (k)
Thus, the combination of abovementioned mathematical considerations leads to the expression:
. 1 1
zum:AEwyzE@%k+n—&@»=§PdMAam+A&mﬂ, 45)
which after conducting a set of transformations can be rewritten as:

ae(k))z( de(k) 2)
ow(k) ow2(k) '

E()=3n [(e (®) (46)
If the change in E(k) is limited to be negative, this ensures that the Lyapunov function only

decreases and proves that the system is stable. This is easily accomplished by ensuring the following

equation:

de*(k)

ow2(k)

. _2 <o, @7)
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which can be written as:

2
0<p<—0 (48)
de(k)
ow(k)
where
de(k) 0 (VZE (k)) 1 20E() 1 OE(k) )
ow(k) ow(k) 2\2E(k) Ow(k)  \2E(k) Ow(k)
Substituting the expression E (k) with Eq. (26), and simplifying the formula leads to:
2
0<n< P E— (50)
1 0E(k)
e(k) ow (k)
which after proper substitution provides the final stability condition:
2
0<n< R EE— on
1 OE (k)
e(k) ow (k)
which can be rewritten as: 5
O<np<s ————. (52)
(=h(k = 1)

4. Simulation tests

The examination of the proposed ADRC extension is divided into two main parts. The first one
involves numerical testing. The whole simulation series is conducted in the MATLAB/Simulink
environment. The first stage of the simulation tests contains the model preparation. The whole
two-mass drive system is modeled with the use of triple-integrator architecture. It is accomplished
by coupling three integrator blocks in series. Each of them is described with the transfer function
in the Laplace domain. The consecutive mechanical time constants are presented below:

— T1 =0.203 s,
— T. =0.0026 s,
- T, =0.208 s,

where: T; is the motor mechanical time constant, 75 is the active load machine mechanical time
constant, T, is the mechanical time constant of the shaft.

The current control loop is modeled with the use of a 1-st order inertial block. It includes the
current regulator, current measurement system, power converter, and electromagnetic circuit of
the motor. The current control loop can be described with the following expression:

Ge(p) = (33)

1
T, (p)+1’

where T, = 0.0005 s is the electromagnetic time constant and p is the Laplace operator.
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In order to keep the conducted tests objective, a constant set of RBFNN parameters is assumed.
It consists of neuron’s centers vector C and neural network’s initial weight coefficients vector w.
The actual neuron’s centers and initial weights values are presented below:

- =-1,

— () = —0.5,
-c=0,

— C4 = 0.5,
-c=1,

— wy = -0.1308,
— wy = -0.0434,
— ws = 0.0343,
— wy = 0.3578,
— ws = 0.2769.

Moreover, the neural network learning rate coefficient and Gauss scaling factor take consecutive
values:

- n=0.5,

- o =05.

In order to obtain unfavorable test conditions and to force frequent speed returns of the drive,
a square wave was chosen as a speed reference signal. It features consecutive parameters:

— Amp = 0.25,

- f=0.15Hz.

The speed controller deployed in the examined structure is based on the speed error. Electric
motors are characterized by inertia, which limits their dynamic capabilities. Thus, in order not to
force the motor to follow the trajectory which in fact cannot be reached and to avoid unnecessary
stimulation of the control structure during the dynamics states, the reference signal is passed
through a filter.

A thorough analysis of the proposed algorithm requires the examination of various, inconvenient
disturbances, attached to the drive system. Thus, an additional active load torque is attached during
the simulation. The load torque attachment occurs at t = 11.5 s while the detachment takes place
att = 13.5 s. The active load torque value equals the motor nominal torque. What is more, to
simulate a real electric drive unit, a control signal constraint is applied to prevent power converter
damage. It equals +37,,,. Furthermore, in order to examine the control system behavior when the
plant parameters are changed, the set of tested load time constant variants consists of three values:

- 17 = Ty,
— T> = 3T,
— T, = 5T>,.

The first attempt involves the comparison of the default ADRC approach with the proposed
control solution. The value of the load machine time constant is nominal. The obtained speed
transients and zoom-in figures, showing the system response after additional load torque attachment,
are shown in Figs. 5(a) and 5(b).

Speed transients obtained during the first simulation test stage (Figs. 5 and 6) demonstrate the
correctness of the drive response in both cases. The system behavior is eligible. The actual load
machine speed value follows the reference trajectory correctly. However, the zoom-in presented in
Fig. 6 emphasizes the positive impact of the neural adjuster. The overshoot visible after additional
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Fig. 5. Speed transients for default plant parameters (a); a zoom-in showing a moment of additional load
torque attachment, detachment, and a steady-state transition (b)

load torque attachment is smaller for the RBFNN supported strategy. What is more, the plant
response in the proposed solution is slightly better in the dynamic states of the drive than in the
default control system. Speed is brought back to the steady state quicker, and is visibly less rugged.
Additionally, the actual speed value follows the reference trajectory more accurately.

The next stage of the simulation tests involves the increased load machine time constant
(T = 3T>,). The results are presented in Figs. 6(a) and 6(b).

T, 6=3T T, =3T
2 2n 035 { .2 Zln
— 03
= I
R \
r N,
—ref w% ——ref
—ADRC_ 5 —ADRC,
L__VAIVDRCRBFNN L —ADRCginn
0 10 20 30 12 13 14 15
time [s] time [s]
(a) (b)

Fig. 6. Speed transients obtained for a changed mechanical time constant of the plant (7, = 37>,) (a);
azoom-in showing a moment of additional load torque attachment, detachment, and a steady-state transition (b)

Speed transients obtained during the second stage of numerical tests present a visible difference
in control systems behavior. There is a significant lurch, which occurs during the steady-state
transition in the default ADRC control strategy. The comparison of the two examined control
algorithms proves that the RBFNN equipped control system mitigates the occurred lurch and
makes the system follow the reference speed more accurately. Moreover, the overshoots occurring
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during additional load torque attachment and detachment is smaller as well. The proposed ADRC

adjustment extension lowers the susceptibility to the changed plant parameters, which makes the
whole ADRC strategy more versatile.

The third part of the numerical examination involved extremely increased mechanical time
constant, which equaled 7> = 5T, The obtained results are presented in Figs. 7(a) and 7(b).

T2 = 5T2n T,=5T

‘1" )
0.2

Cl = :
o o AN
'_‘ L \ Fu\
0 i s hG
E |—ref “;_:, i ——ref
. |_ ADRC,, 3 ___ADRC,,
0.2} } ___ADRC | )
| t‘" R-,BFNN-‘ —ADRGrpeny
0 10 20 30 12 13 14 15
time [s] time [s]
(@) (b)

Fig. 7. Speed transients obtained for a changed mechanical time constant of the plant (7, = 5T,) (a); a zoom-in
showing a moment of additional load torque attachment, detachment, and a steady-state transition (b)

The last attempt of the conducted simulations proves that the applied ADRC neural adjuster
improves the overall system performance. Both algorithms handle the speed control issue eligibly
when the mechanical time constant of the load machine is extremely increased. However, the speed
lurch occurring in the proposed solution is significantly lower than the one in the standard ADRC
approach. Moreover, the overshoot is mitigated in the developed algorithm. The visible difference
is a crucial improvement regarding the enormous plant parameter change. The system response to
the additional load torque attachment and detachment is better as well.

In order to emphasize the positive neural network response in each case, Fig. 8 includes the
RBFNN output transients depending on the plant parameters.

FL LL&JL ﬁ

10,

:
CL
S 4
o ‘_T 75T
T 73T
2’ {
‘ —T,=T,,
0
0 10 20 30

time [s]

Fig. 8. RBFNN output transients depending upon the load machine mechanical time constant value
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5. Experimental tests

The second stage of the tests includes the experimental deployment of the algorithm. The whole
control structure is implemented on the laboratory stand. The main part of the test-bench consists
of two 0.5 kW D.C. motors coupled together with a long, resilient shaft. The role of the shaft is
to introduce additional elasticity to the mechanical part of the drive. What is more, additional
flywheel weight is attached to the load machine shaft to simulate a hypothetical mechanical time
constant change. Each electric motor is powered with its independent four-quadrant H-bridge
power converter. The role of the load machine is also fulfilled by an electric motor, as the presented
solution allows active load torque attachment, which improves the objectivity of the conducted
experiments. Each electric motor is also attached to the rotary encoder featuring 36 000 pulses per
revolution. The whole laboratory setup is powered with an autotransformer. The control structure is
deployed on the dSPACE 1103 rapid-prototyping system equipped with a digital signal processor.
In order to obtain relevant torque control, a typical cascade structure is implemented. The current
measurement was accomplished with an LEM transducer. The whole experimental process is
controlled with the use of a master PC, equipped with ControlDesk software. The proposed test
bench ensures high computational power combined with versatile, real-time control capabilities.
The overall scheme of the laboratory stand is presented in Fig. 9. The actual photos of particular
test-bench components are presented in Fig. 10.

dSPACE

Motor Speed ooooo

Active Load Speed

Motor Current

noooo
oooo0
A

>
>

Active Load Control

~3x230V
- T | |

Motor Control

D.C. Motor —D'— Active Load
S g g
; Four- qu_adram D& Motocs hmr:quadram «
Power Converter Excitation Circuits Power Converter
Power Supply
Encoder
LEncoder
¢ Flywheel Weight [ &
» Long Llastic Shaft D.C. Motor
D.C. Motor .
Active Load

Fig. 9. The overall scheme of the laboratory stand used during experimental verification of the proposed

algorithm

The most important parameters of the presented test-bench are collected below:
— Nominal motor power: 500 W,
— Nominal rotational speed: 1450 rpm,

— DC motor mechanical time constant: 0.203 s,
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— DC load machine mechanical time constant: 0.208 s,
— Elastic shaft mechanical time constant: 0.0026 s,

— Nominal encoder resolution: 36 000 p./rev.

)

[ —
ower electronics

Fig. 10. Particular components of the laboratory setup

The experimental verification of the proposed algorithm involves the comparison of the control
system response regarding the default and increased mechanical time constant of the plant. In the
first stage of the conducted tests the standard ADRC algorithm behavior is examined. For the sake
of the experimental deployment, a square wave is chosen as a reference signal. The parameters of
the reference speed trajectory are presented below:

- Amp =04,
- f=0.1Hz.

During every second speed return additional active load torque is attached to the system. The
first attempt concerns the default and increased (7, = 37T;,) plant parameters. The obtained results
are presented in Figs. 11(a) and 11(b).

Speed transients obtained during the experimental tests show the differences between the plant
response when the plant parameters are changed. Despite the fact that the overall system behavior
can be considered eligible in both cases, a visible lurch occurred in the second attempt (increased
load machine inertia). Thus, in order to mitigate the speed transient during the steady-state
transition, controller gains can be increased. However, passive enhancement of the coefficients may
lead to serious problems, which occurred during the second part of the tests (Fig. 12). The speed
transient demonstrates an inconvenience which occurred for the structure with passively increased
controller gains. The lurch visible in the previous attempt was mitigated. However, it turned out
that the system response became oscillatory after additional active load torque detachment and
could not be damped. Thus, the obtained results emphasize the prevalence of the proposed solution
over a standard ADRC approach, as the active, floating coefficient adjusts controller gains on the
fly and increases the robustness of the system effectively.
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Fig. 11. Speed transients for experimental tests of the standard ADRC algorithm and both default and
increased (7> = 3T;,) mechanical time constant of the load machine (a); a zoom-in showing a steady-state
transition and system response on the additional load torque attachment and detachment (b)
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Fig. 12. Speed transients obtained during experimental tests for the modified ADRC algorithms and increased

(T = 3T»;) mechanical time constant of the load machine: a zoom-in showing a steady-state transition and

system response on the additional load torque attachment and detachment. ADRC;,.sq— controller gains
increased with a constant value, ADRCrppnN — Neural Network based ADRC adjuster

6. Conclusions

The presented approach demonstrates an extended ADRC load-side speed controller. The
contribution of the paper lies in the improvement of the classic approach through the addition of
an RBFNN. The neural network adjusts the controller parameters in a limited range, according to

the demanded system dynamics. Because of this, the robustness of the control structure is further
improved. The following advantages are achieved:

— ADRC in its standard form provides satisfactory results, even when the load inertia is

increased 3 times. The only issue is small overshoots and lurches visible during steady-state
transitions.
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— The controller gains are adjusted during the operation of the drive, guaranteeing smooth
transitions between steady states. At the same time, speed oscillations after load torque
deactivation are successfully mitigated.

— The control structure operates solely based on information about the speed of the load
machine (the information about the speed of the motor is not necessary). Because of that,
the reliability of the drive is increased.

— Because of a smaller number of sensors in the control structure, its overall cost is effectively
reduced.

— The use of the proposed algorithm significantly improves the overall plant response and
drive system quality without the necessity of plant parameters adjustment (b coefficient).

Further improvements of the control algorithm can be sought in optimization of the neural

network parameters. The training starting point, as well as the range in which the controller gains

are

adjusted could be obtained through the use of a genetic (or other nature-inspired) algorithm.

Nevertheless, the obtained results are very promising and constitute a great basis for industrial
motor control applications.
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