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Abstract: The paper deals with the construction of multi-loop control system of DC 

electric drive. Suggested system is robust, invariant to parametric and coordinate dis-

turbance, and asymptotically stable due to using first order sliding mode control al-

gorithms. Contrary to well-known sliding mode algorithms we propose to use a slid-

ing mode for both goals. At first, we offer to transform dynamic of control object into 

Brunovsky form by using sliding mode controller. Such transformation allows us to 

construct a robust and invariant closed loop control system and to form dynamic of 

the control object. Then, we suggest using sliding mode controller for control of the 

transformed object. Such approach permits to construct a precise and an asymptoti-

cally stable control system. We use the proposed approach for construction current 

and speed controllers for DC electric drive and proving of our method's benefits by 

simulation of the constructed system. 

Keywords: DC electric drive, nested sliding mode control, asymptotic stability, robust 

control, speed and currents controller,  

 
 

1. INTRODUCTION 

Nowadays sliding mode control is one of the most effective control techniques for 

linear and nonlinear dynamical objects [1,2]. Sliding modes control strategies and al-

gorithms allow designing a precise robust closed-loop control system which has a 

minimal transient time. One can explain these unique properties of sliding mode con-

trol system by supplying maximal control signal at every moment of control system’s 

operating and changing only its sign but not value [3]. That is why a great interest to 

sliding modes of the different orders can be found in the modern scientific periodical 

[4,5]. These publications deal with the development of scientific backgrounds [6], re-

search and study of such kind control systems [7], and their application on different 

areas of human activity [8,9]. 

 

2. DESCRIPTION OF THE PROBLEM 

Despite of their usage in wide range applications, sliding mode control systems do not 

well developed for the class of a multi loop control system. One can explain this fact 

by a mutual influence of sliding modes in one loop to another one. Sometimes this in-

fluence can cause decrease of sliding mode frequency and appear chatering of con-

trolled state space variables. In a few cases sliding mode breaks and control system 

gets uncontrolled dynamics. Above-mentioned factors can damage industrial equip-

ment and cause an accident. That is why design of multi loop control system with re-

lay controllers are very important problem. 
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We suggest to solve this problem by using nested control algoritm [10] each of them 

detached by reference model which define dynamic of relative control loop. 

Our paper content is written thus. First, we show ways of problem solution in a gen-

eral way by given some backgrounds on design one loop sliding mode control system 

with transformation of control object into desired form. Then we give comcommon 

recommendation about construction of multi loop control system. After that, we con-

sider a design of current and speed controllers for DC electric drive and approve our 

approach by simulation results. At last, we make some generalization about structure 

of designed control system and give the conclusion. 

 

3. PROBLEM SOLUTION IN A GENERAL WAY 

Let us consider a linear n-th order single-input control object which are given by the 

following equation 

 ,n,,1j,Umas
n

1i
niijj  



 , (1) 

where dt/ds   is differential operator; nij m,a  are parameters of the control object; 

U  is a control signal, and i  is a state space variables of peturbated movement 

 
*
iii yy  , (2) 

here iy  is i-th state space variable of the control object and 
*
iy  is desired value of it. 

We suggest to form trajectories of control object by coinciding k-th state space varia-

ble of object (1) with its desired value. Proposed approach is similar to feedback 

transformation [11] but contrary to it we offer to use not all state space vector but on-

ly one its component. Moreover, in thus way we can transform dynamic of control ob-

ject into various forms by using controller C1 and than we suggest to use controller C2 

for transformed object. On fig.1 we show a block-diagram of generalized control sys-

tem which is built according above-described approach. 
 

 
 

Fig.1. Block-diagram of proposed control system 

 

We offere to transform control object’s dynamic into canonical form for construction 

controller C1 
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where ib  are coefficients of object’s (1) characteristic polynomial, 1inM   are some 

coefficients. 

We suggest to define C1 and C2 controllers as 1-st order sliding mode controllers. 
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That is why we assume derivatives of control signal U equals to zero. This assuming 

allows us to simplify equation (3) in following way 

 kkn

n

1i
k
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ik

1kn ,UMsbs   


 , (4) 

It is clearly understood that we have coincidence of state space variable k  and its 

desired value 
*
k  than and only than their derivatives coincide. This fact allows us 

claim that it is necessary to compensate inner feedbacks 



n

1i
k

ki
isb   for object’s (1) 

transformation.  

This compensation can be performed y using following control algorithm 

  *
k

g
k

kn sssignU   
, (5) 

where 
*
k

gs   is g-th order derivative of desired state space variable 
*
k . 

Main drawback of the proposed algorithm is usage of high order derivative of con-

trolled state space variable. We suggest to avoid this drawback by integrating of ex-

pressions in the brackets. We get following algorithm by performing such kind trans-

formation of algorithm (5) 
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where 2h,1h  are admissible order of the highest derivative of controlled state space 

variable and its desired value, ii ,  are some coefficients. It is clearly understood 

that usage of algorithm (6) for control object (1) can cause osscilation of controlled 

variable k . We propose to avoid this phenomenon and construct asymptoticaly sta-

ble control system by defining coefficients ii ,  as binomial ones. Values of these 

coefficients should be as big as it is posibe. 

Usage of algorithm (6) allows us to transform dynamic of object (1) into desired dy-

namic 

 Vdscs 2h

12h
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*
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i
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2h  




 , (7) 

where 2hi d,c  are coefficients of desired control object. 

The simpliest form of equation (7) is equation in Brunovsky form [11] 

 Vs *
k

2h  , (8) 

Usage of equation (8) allows us replace mathematical model of control object with the 

h2-th order integrator. Contrary to well-known feedback transformation we can select 

order of transformed object and its dynamic. 

One can design controller C2 for transformed object (7) in both of classical and mod-

ern ways [11]. We suggest to construct this controller as sliding mode controller by 

solving inverse dynamic problem [12]. That is why we define transfer function for 

transformed object as follows 
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Than we define desired transfer function of closed-loop system thus 
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where 3h  is the desired order of closed-loop control system, ie  are coefficients of its 

desired polynomial. 

One can use transfer functions (9) and (10) for determination of controller C2 algo-

rithm in the following way 
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Analysis of algorithm (11) shows its dependence on sign of 2hd  coefficient. That is 

why for all positive values of this coefficient algorithm (11) can be rewritten as fol-

lows 
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The main benefit of the sliding mode controllers usage is compensation of inner feed-

backs in both linear and nonlinear objects. This benefit allows us design multiloop 

control system. Such kind system with 2 loops for control the k-th and the r-th state 

variables is shown fig.2. 
 

 
 

Fig.2. Block-diagram of multi-loop control system 

It is clearly understood that control system with algorithms (12) and (6) is nonlinear 

system which dynamic is described by following equation 
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   ,n,,1j,,fas
n

1i
k

*
kiijj  



  (13) 

where  k
*
k ,f   is a nonlinear function which allows us take into account algorithms 

(12) and (6). 

Now we considere the following nonlinear function 

     *
kkk

*
kk

*
k M,f,g   , (14) 

here kM  is some coefficient, 

and transform equation (13) into quasi-affine form 

   n,,1j,M,gas
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It is clearly understood that equation (15) can be transformed into the following form 

if sliding mode exists  

 




 
13h

1i

*
kk

1i
ik

3h ses  . (16) 

If somebody defines control algorithm for r-th state space variable he/she should con-

sider the following equation 
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and defines control algorithm for C1r controller (fig.2) thus 
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where r2h,r1h  are admissible order of the highest derivative of r-th controlled state 

space variable. 

We design C2r controller similar to design C2 one and define its algorithm as follows 
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where h3r is desired order of r-th control loop. 

If it is necessary to control more state variable we suggest to design a set of control-

lers in the similar way and use proposed approach a many time as it is necessary.  

Let us consider practical usage of proposed approach on the following example. 

 

4. EXAMPLE 

We design two-loop control system for speed and current control for DC electric drive 

which can be described by the following equations 
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where coefficients ija  are defined thus 
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here J is a rotor inertia, R is a armature resictance, c is a back-emf constant, L is an 

armature inductance. 

State space variables 1  and 2  are components of state space vector  

  21 η . (22) 

where 

 ,
I

I
;

k
2

0
1  




  (23) 

here *,  are DC drive rotor speed and its desired value; *I,I  are DC drive armature 

current and its desired value; 0  is a no-load speed; kI  is a DC current without 

speed.  

We select the 2  variable as the control one and transform equations (20) into canoni-

cal form 

 
,,UMbbs
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22222012
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






 (24) 

Coefficients ib  are coefficients of characteristic polynomial of object (20) 

 22221121 ab;aab   (25) 

and  

 2122 maM  . (26) 

Let us compensate inner feedbacks 01b   and 22b   by transforming 2-d equation of 

system (24) thus 

 ,Vks 1
*
2   (27) 

where 1k  is a jerk bounded coefficient. 

We perform above-mentioned transformation by using the following algorithm for C12 

controller 

  2
*
2signU   . (28) 

One can define desired value 
*
2  thus 

 V
s

k1*
2   (29) 

and then substitute it into algorithm (28) 
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Usage of algorithm (30) allows us replace mathematical model of DC drive electric 

circuit with the first order integrator. That is why we can design controller C22 as the 

simpliest sliding mode controller 

  2
*
2signV   . (31) 

We combine algorithms (30) and (31) and write down the following nested sliding 

mode algorithm for DC current controller 
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k
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Algorithm (32) allows us transform 2-nd equation of system (20) thus 
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Nonlinearity of transformed object (33) can be linearized by using sliding mode con-

troller C21 with the following algorithms 
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which transform object (33) thus 
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It is clearly understood that transfer function of object (35) has two zero eugenvalues. 

That is why it is necessary to use speed controller with the following algoritm  

   121
*
1 sksignV   , (36) 

where 2k  is some coefficient, 

to ensure asymptotic stability of the closed-loop system. 

We define the following nested algorithm for speed controller 
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Finally, algorithms (37) and (32) can be combined and algorithm of closed-loop con-

trol system can be defined 
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where 3k  and 4k  are coefficients which provide compatibility between current and 

speed loops. 

Results of numerical simulation of closed-loop system with algorithm (38) is shown 

on fig.3. We carry out research of start electric drive DPR-72 with no-load and then 

nominal torque is given. One can change jerk and current boundaries by definig 1k  

and 3k  coefficients repectively Asymptotic stability of control system can be ensured 

by defining of suitable values of coefficient 2k . 
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Fig.3. Dynamic of two-loop control system 

 

It is clearly understood that designed system is close to the optimal in response time 

with the presence of restrictions on internal state variables. 

Analysis of nested algorithm (38) allows us to formulate some principle of its crea-

tion: 

At first, this algorithm contains core given by the following expression 

 





1n

0i
r

i
ir sS  , (39) 

here i  are some coefficients. 

This core define dynamic of the control system’s outer loop. 

Then, it contains cascade of alternating discontinuous functions and integrals of them.  

    







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
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
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
  ii
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s
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signkP  . (40) 

Each pair P is a pair “function-integral” and defines dynamic of related control loop. 

Rates for each loop are defined by the coefficient ik  left of the integral of relative 

sign-function and boundaries can be defined by coefficient 1ik   near the relative 

sign-function.  

 

5. CONCLUSION 

The proposed approach allows us design both one and multi loop control systems. 

The first order sliding mode which occurs when designed control systems are operat-

ing. 
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This sliding mode compenstates as nonlinearities well as internal feedbacks and 

grants boundary of inner state space variables. So it is possible to transforms object 

dynamic into any desired form and obtains any phyicaly admissibled desired trajecto-

ries in n-th dimensionnal state space by sewing together relative sliding surfaces. 

This sewing is performed by using nested control algorithm which can be enhanced in 

a simple way due to its alternation property. 

The proposed approach allows us designed high-quality closed-loop control system 

which are precise, asymptotically stable and invariant to external and internal pertur-

bations. 
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