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THE NEED TO TAKE INTO ACCOUNT THE INFLUENCE  
OF MECHANICAL PARTS OF CONTROL LOOP ON  

THE OVERALL ACCURACY OF CONTROL IN I&C SYSTEM

A.A. Koroteeva, I.S. Galieva, A.N. Chernyaev

Аbstract: Any industrial enterprise, performance of its equipment, production processes and quality of the 
products cannot be improved without a well-established metrological support.  One of the main trends of improving 
the accuracy of control is development and implementation of methods of state supervision over instrument channels 
with establishing the requirements for their accuracy in regulatory documents and performing obligatory tests for 
actuating devices similar to the type approval tests and verification of measurement instruments.
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Nowadays the role of I&C in up-to-date thermal 
and nuclear power plants is not limited to facili-
tating human actions and ensuring high levels of 
industrial and environmental safety; I&C shall 
also ensure the required accuracy and speed of 
control systems. High accuracy and fast control 
contribute to sustainably high performance of 
industrial processes. 

One of the ways to increase the accuracy of 
process control is to use actuators of high accura-

cy and reliability with the corresponding controls 
(further referred to as “control devices” acc. to [3]). 
I&C and its main element – control loop – impose 
strict requirements on control devices (CD).

Processes are growing faster, they are continu-
ous, and control is getting more sophisticated, with 
complex process control algorithms. This means 
that, as time passes, a control device has to ensure 
shorter delay time, faster response and more accu-
rate positioning. To a large extent, it is now possible 

to fulfill these requirements due 
to the development of digital 
control loops (Fig. 1). They 
ensure unchallenged fail-free 
operation of control channels 
and digital signal processing.

The loop of an automatic 
control system (ACS) is com-
prised of a control object and 
an automatic control device 
(controller) interacting with 
each other. Control is per-
formed by issuing commands; 
when such commands are im-
plemented, the status of the 
object is changed with regard 
to the pre-set requirements and 
limitations. While the controller 
is in operation, it receives in-
formation on the current status 
of the object, and, using this 
information, generates control 
action for the object in order to 
achieve the objective of control.

In Fig.1, the measured value 
of the controlled parameter, 
which characterizes the current 

Fig. 1 Automatic Control Loop
S - sensor; TCM – terminal connection module; ADC - analog-digital converter; 
DAC - digital-analog converter; DPC - digital-pulse converter; DD – display 
device; AWS – automated workstation; SD – starting device; A - actuator;  
CE – control element; CD – control device; CP – central processor; IC – interface 
connector; ADI – analog-digital input; DAO – digital-analog output; DPO – digital-
pulse output; AOS – analog object shaper; ND – null device; PC – pulse controller.
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status of the control object, 
comes from the sensor (S) in 
the form of a unified current 
signal to the module of the 
analog-digital converter (ADC) 
which is connected to the phys-
ical circuit via a terminal con-
nection module (TCM). The 
digital signal of the measured 
parameter converted by the 
ADC comes via the system data bus directly to 
the central processor (CP) of the controller where 
the mathematical control law is formed, and data 
are exchanged with I&C subsystems. Based on 
the current status of the object, the pulse-width 
modulation algorithm generates a control action 
which is converted by means of a digital pulse 
conversion (DPC) module into sequential pulses 
of various duration and ratio. Further on, via cable 
communication lines physically connected to the 
TCM, a DC voltage control signal comes to the 
starting device (SD) which interconnects power 
circuits with the control loop, and, finally, the direct 
action is applied to the control object by means of 
the actuator (A) and control element (CE).

Going back to the issue of process control accu-
racy, it is worth mentioning that nowadays, when 
I&C systems are commissioned, special attention 
is paid to their instrumentation part. In the loop 
of an automatic control system, the instrument 
channel (Fig. 2) is presented from the sensor, which 
measures the value of the process parameter, to the 
places where this value is displayed.

Regulatory documentation at state and industry 
level regulates the requirements for I&C systems 
instrument channels defining instrument channel 
as a structurally or functionally identified part 
performing the complete function from the percep-
tion of the value being measured till obtaining the 
result of its measurement denoted by a numeral or 
a corresponding code or till obtaining an analogue 
signal the parameters of which include the function 
of the value being measured [2]. According to the 
provisions of Federal Law № 102-FZ for govern-
ment control related to ensuring the uniformity 
of  measurements tests are performed in order 
to approve the type of measurement instruments 
followed by certificate issue and measurement 
instruments calibration in regard to confirming 
metrological characteristics.  Instrument channel 
as a part of instrument system is a type of mea- 
surement instruments covered by all the common 

requirements for measurement instruments [2]. 
Increasing measurements accuracy in industry 
is one of essential potential for products quality 
improvement and manufacturing efficiency.

According to the procedure of defining sum-
marized metrological characteristics of instrument 
channels [8] process parameter measurement 
accuracy is characterized by instrument channel 
overall error for real environmental conditions and 
is determined by the following formula:

𝛿𝛿𝐼𝐼𝐼𝐼 = ±𝐼𝐼𝑁𝑁 ∙ 𝜎𝜎[𝛿𝛿𝜉𝜉 ] 

СN – coefficient dependent on type of error dis-
tribution law of measure value and selected value 
of confidence probability P; 

σ[δξ] – root mean square deviation  (RMS de-
viation) of channel basic error.

For instrument channel 1 (Fig.2) RMS is deter-
mined by the following formula:

𝜎𝜎1[𝛿𝛿𝜉𝜉 ] = ±
�𝛿𝛿𝑆𝑆
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For instrument channel 2 (Fig.2) correspon- 
dingly:

𝜎𝜎2[𝛿𝛿𝜉𝜉 ] = ±
�𝛿𝛿𝑆𝑆2 + 2𝛿𝛿𝑇𝑇𝐼𝐼𝑇𝑇2 + 𝛿𝛿𝐴𝐴𝐴𝐴𝐼𝐼 2 + 𝛿𝛿𝐼𝐼𝐶𝐶2 + 𝛿𝛿𝐴𝐴𝐴𝐴𝐼𝐼 2 + 𝛿𝛿𝐴𝐴𝐴𝐴2

𝐼𝐼𝑃𝑃
  

δCL – communication lines additional error 
according to [5];

CP = √3  – coefficient determined by uniform 
distribution law of random error value with confi-
dence probability P =1.

However instrument channel providing permis-
sible error and therefore required accuracy of rea- 
dings is only one component of control system loop 
performing the complete function. It is important 
to bear in mind that control action channel is an 
equally important part of loop. After mathematical 
algorithm generates control actions in this part of 
control system loop control actions are converted 
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Fig. 2 Instrument Channel
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and transferred to a process object in order to main-
tain any parameters at the specified level. 

In control action channel of automatic control 
system (Fig. 3) output module of remote terminal 
unit (in this case it is DPC) is in charge of convert-
ing a digital control action into a discrete signal 
while control device (CD) is in charge of accuracy 
of their implementation.

However control element is the main compo-
nent of control action channel and part of control 
device directly interacting with the process and 
by means of which the specified system mode is 
appointed. The role of control elements within 
control loops of thermal circuits is quite essential. 
Performing the automation system command 
within a control loop the control element may 
introduce the most significant perturbations and 
oscillations into the process. The control element 
has an impact on decreasing the transient level and 
the efficiency of control by eliminating the pertur-
bations and approximation to command signal to 
the extent possible.

During the calculation the necessary control el-
ement is selected according to the requirements for 
process section control i.e. the particular standard 
dimension with the necessary nominal (connecting) 
diameter, transfer capacity and transfer character-
istics is selected from a  range of serial control 
elements. The suitability of the control element in 
regard to other characteristics (operating pressure 
and temperature, material of components in contact 
with fluid flow etc.) shall be defined by means of 
catalogues and other up-to-date information ma-
terials and rules. 

Control element is driven by actuator by means 
of kinematic connection with direct connection 
or rods and levers. Control element torque is de-
fined according to the calculation of displacement 
effort and on the basis of this torque, actuator 
and required kinematic diagram of devices con-
nection are selected. At this stage the problem of 
selecting the actuator, the type and accuracy of its 
coupling with control element arises. The correct 

selection and calculation of 
control device is critical as these 
devices are terminal in circuits 
of automatic control systems 
of any complexity, as a result 
control device errors have a 
direct impact on the quality of 
the process being automated.

Assessment of overall ac-
curacy of automated control 

system shall also take into account the error of 
control action channel (CAC) transfer. Suppose 
that the same uniform distribution laws are applied 
to discrete signals as to analog signals and the 
similar conversion formulas can be used for error 
estimation:

𝛿𝛿𝐼𝐼𝐴𝐴𝐼𝐼 = ±𝐼𝐼𝑁𝑁 ∙ 𝜎𝜎[𝛿𝛿𝜉𝜉 ] 

CN – coefficient dependent on type of the error 
distribution law of the measurement value and 
the selected value of the confidence probability P.

To balance the contribution of control action 
channel error and instrument channel error into 
overall accuracy of control the concept of weight-
ing coefficient shall be developed and introduced. 
So the formula of control action channel error is 
given by:

𝛿𝛿𝐼𝐼𝐴𝐴𝐼𝐼 = ±𝐼𝐼𝑁𝑁 ∙ 𝜎𝜎[𝛿𝛿𝜉𝜉 ] ∙ G 

G – coefficient balancing the contribution of 
control action channel error and instrument channel 
error into overall accuracy of control within one 
control loop. 

So the root mean square deviation for control 
action channel (Fig. 3) is calculated by the follow-
ing formula:

𝜎𝜎[𝛿𝛿𝜉𝜉 ] = ±
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The main part of CAC error is introduced by 
both electrical and mechanical elements of con-
trol device. It should be noted that now there is 
no regulatory documentation specifying accuracy 
of adjustment of control action by control device. 
Despite this, ref. [3] includes the concept of basic 
reduced error of control device and states that this 
is an absolute value of ratio of the highest differ-
ence of the real and the reduced run to the value 
of the conventional run expressed in percentage:

CD
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Fig. 3 Control Action Channel
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𝛿𝛿𝐼𝐼𝐴𝐴 = �
𝑆𝑆𝑆𝑆 − 𝑆𝑆𝑅𝑅
𝑆𝑆𝐼𝐼

�
𝑚𝑚𝑚𝑚𝑚𝑚

∙ 100% 

Control device error may be also expressed as 
a sum of its components errors:

𝛿𝛿𝐼𝐼𝐴𝐴 = 𝛿𝛿𝐴𝐴 + 𝛿𝛿𝐼𝐼𝐶𝐶 + 𝛿𝛿𝐾𝐾𝐼𝐼  

δA – actuator error;
δCE – control element error;
δKC – kinematic connection error.
Error δA is characterized by free play and runout 

of output shaft of actuator. 
Free play of output shaft is a difference between 

locations of actuator output element when torque 
is exerted (force is applied) in forward and back-
ward directions to output element running with 
steady rate since actuation up to full stop. Free 
play is characterized by free running between the 
interconnected mechanical elements of the control 
system usually related to rotation. Free play value 
determines the degree of control element rotation 
which doesn’t result in changes of control system. 
The higher free play is, the greater impact shall be 
applied to control element for introduction of any 
changes into the control object. Free play is an 
adverse effect which increases in course of time 
due to wearout of friction components. 

Runout of output shaft is a displacement of ac-
tuator shaft by inertia after termination of control 
signal action. It is expressed in percentage of full 

run of output shaft since actuation up to full stop. 
Besides free play and runout of output shaft 

which have direct impact on control accuracy 
there are other values affecting overall operation 
of actuator which are insufficiently studied and the 
quantity of which is not specified in the regulatory 
documents. For example, an extract of User Manu-
al for Operation of Electrical Single-Turn Actuators 
MEO(F)-08(K) is given below [14].

 Quantitative requirements for accuracy of 
actuators operation are specified in general terms 
in [4] and shall be classified according to the con-
trolled parameter environment and significance of 
the control system for the whole power plant that 
is required for improving process efficiency. This 
standard does not apply to the devices designed 
for displacement of isolation and cutoff valves as 
well as for safety systems of nuclear power plants. 
Another regulatory document [6] has been devel-
oped for NPPs, this document does not impose 
quantitative requirements on free play and runout 
of actuators. 

Error of control element δCE is defined by such 
characteristics of control element as hysteresis and 
dead zone. Seizing related to friction between gate 
and sealing surface, as well as sum of frictions 
between stem and gland contributes to friction. 
All these problems affect transfer capacity or flow 
rate of control element. Furthermore flow charac-
teristics express functional dependence of transfer 

Requirements for actuator  
Free play of output shaft under load 
equal to (5…6) % of the rated value: 

max 0,75° 

Runout of output shaft in percent of full 
run, with torque on output shaft within 
the rated countertorque value up to 0,5 of 
the rated concomitant value:  

- max 1 % for devices with the rated 
time of full run less than  63 s; 
- max 0,5 % for devices with the rated 
time of full run equal to 63 s and more 

Deviation of real time full run from the 
rated value under the rated countertorque 

max 10 % 

Requirements for actuator position sensor 
Nonlinearity of output signal of current 
position sensor 

max 2,5 % of the range 

Hysteresis of output signal of position 
sensor specified for output shaft of 
device 

max 1,5 % of the range  

Requirements for breakers of position alarm unit 
Differential run of breakers of position 
alarm unit, specified for output shaft of 
device 

max 4% of full run 
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capacity on gate displacement (or turning angle):

KV = φ(S)

A flow rate shall be calculated for each control 
element on operating equipment and shall be stored 
with a controller passport. Also the flow rate shall 
be defined after the overhaul of the valve. An in-
creased pass reduces a control range and makes it 
difficult to maintain the control elements in a hot 
standby with an isolation valve opened (or in case 
it is missing). 

Control elements subject to the process condi-
tions shall be adequately selected to provide the 
optimal conditions for ensuring accuracy of various 
control loops. For example, the control elements 
shall have the least possible dead zone and a high 
positioning accuracy to ensure control accuracy of 
the slow processes while the fast processes require 
control elements with small hysteresis and high 
performance. A low response time is the most 
critical for characterizing the delay time and inertia 
during the fast processes. Given these factors, the 
control accuracy can be improved.

Determination of kinematic connection error 
(δKC) of actuator & control element is based on 
fundamentals of mechanism accuracy theory [11]. 
The output elements actually move with some de-
viations from the estimated displacement or with 
errors. The position difference of kinematic pair 
elements of an actual mechanism and a relevant 
reference (calculation) mechanism with similar po-
sition of the driving elements is called a mechanism 
position error; the displacement difference of the 
driven elements of the actual and reference mech-
anisms with similar displacements of the driving 
elements is called a mechanism displacement error. 
The element shall be defined by a relative position 
of components of kinematic pairs in it, connecting 
it with adjacent elements. Position deviations of 
kinematic pair elements from reference positions 
and deviations of existing surfaces of components 
from the established geometric forms are called the 
primary errors of mechanisms. 

One of the causes of errors is the technology 
of manufacturing the elements of mechanisms 
and is due to variation of parameters, errors of 
measuring & operation tools and errors of ma-
chinery etc. Certainly, the acceptable deviations 
of dimensions of the items are specified by the 
tolerance frame, but further combination of items 
of various dimensions while building the elements 
and assembling the elements into mechanisms can 

cause deviation beyond the limits of the tolerance 
band. These deviations shall be checked on-site 
while assembling the actuator & control element 
joint for further joint operation. 

Another cause of kinematic connection error is 
deformation of mechanism elements under static 
and dynamic loads and also ageing of components. 
This error belongs to dynamic error class and it 
is quite difficult to anticipate and consider it in 
advance.

The quality of control system operation depends 
mostly on the method of connecting the actuator 
and control element and accuracy of its implemen-
tation. Methods of connecting the actuator and 
control element shall be defined in each specific 
case depending on the type and design of actuator 
and control element, their mutual arrangement, 
required type of control element displacement and 
other conditions. 

The settings shall be changed during adjustment 
of control element device and actuator to ensure 
a long-term operability and to correct the visible 
inaccuracies of control action transfer in the control 
system algorithms by increasing the dead zone 
and introducing the other non-linear components, 
which result in a forced robustness of the system. 
This affects the accuracy of the signal "adjustment" 
by the element of control channel, which has a 
negative effect on the control quality in general 
and in particular on steady-state or slow processes.

Any industrial enterprise, performance of its 
equipment, production processes and quality of the 
products cannot be improved without a well-estab-
lished metrological support. Experience has proven 
that parameters of system settings are selected 
based on years of experience in commissioning 
due to the lack of quantitative requirements for 
process control accuracy and the control quality 
is determined mainly by using high-precision 
preliminary transducers. One of the main trends of 
improving the accuracy of control is development 
and implementation of methods of state supervi-
sion over instrument channels with establishing 
the requirements for their accuracy in regulatory 
documents and performing obligatory tests for 
actuating devices (possibly with development of 
a reference actuator) with confirmation of their 
accuracy, similar to the type approval tests and 
verification of measurement instruments [1].
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