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Abstract

Valves are ubiquitous as final control elements in the chemical process industries. Motivated by heavy

valve usage by the process industries and many industrial reports of valve nonlinearities undermining

effective process control, this article summarizes our recent work that unifies concepts related to valve

dynamics with frequently reported industrial concerns, and also investigates methods of compensat-

ing for these valve dynamics employing suitable modifications to widely-used control systems such as

proportional-integral control and model predictive control.
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Introduction

Because continuous chemical processes involve flows un-

dergoing reaction or separation, adjusting the flow rates

of the reacting and separating streams is a central is-

sue for the safe and profitable operation of a chemi-

cal process system. Typically, flows are adjusted using

valves. Valves themselves have dynamics, often non-

linear dynamics. Undergraduate chemical engineering

coursework typically assumes that the valve output is

exactly equal to the set-point of the valve output dic-

tated by the control system or addresses valve dynamics

only in a limited fashion, such as by discussing actuator

saturation or valve dynamics that can be modeled with

a first- or second-order transfer function. Sometimes,

nonlinear relationships between the flow rate out of the

valve and the valve percentage open (e.g., an equal per-

centage inherent valve characteristic) are discussed, but

typically in the context of valve sizing and not in a man-

ner that suggests the impact of such a valve nonlinearity

on control system performance.
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Despite the lack of focus on valve dynamics in tra-

ditional undergraduate chemical engineering studies,

valve dynamics have significant implications for indus-

trial chemical process control. For example, stiction,

a nonlinear friction effect that plagues many indus-

trial valves worldwide, has been repeatedly cited as re-

sponsible for control loop and even plantwide oscilla-

tions (Choudhury (2011)). Other nonlinearities, such as

deadzone and backlash, also reduce control system ef-

fectiveness. The issues due to the stiction nonlinearity

have been so pervasive that a large body of literature has

been devoted to the study of stiction modeling, quan-

tification, detection, and compensation (Brásio et al.

(2014)). Some of the stiction compensation strategies

developed include those that modify the control signal

sent to the valve (Hägglund (2002); Srinivasan and Ren-

gaswamy (2008)) or those that retune the controller for

the loop (Ale Mohammad and Huang (2012)).

Based on the above, it is clear that a wide range of

valve dynamics exist that can have impacts with varying

degrees of severity on chemical process control. This

work summarizes our recent research on this topic. A

goal of this work is to highlight the manner in which



the type of valve dynamics, control loop architecture,

and type of controller interact to cause different negative

effects on process control due to valve dynamics. We

also highlight three compensation techniques that take

advantage of industrially employed control strategies.

Nonlinear Process-Valve Modeling

We consider nonlinear processes modeled with sys-

tems of first-order ordinary differential equations with

the following state-space form:

ẋ = f(x, ua, w) (1)

where x ∈ Rn is the state vector, ua ∈ Rm is the vector

of process inputs, and w ∈ Rl is the disturbance vector.

The components of ua are the outputs of valves used

to control the process, and they depend on the valve

set-points um,i, i = 1, . . . ,m, that are calculated by a

controller (e.g., a model predictive controller (MPC) or

proportional-integral-derivative (PID)-type controller).

The dependence of each ua,i on each um,i may be de-

scribed either through a static function or through dif-

ferential equations, depending on the type of dynamics

that the valve exhibits and the control loop configura-

tion in which the valve is situated. We define the vector

q to be the process-valve state vector, for which the com-

ponents include all states xi, i = 1, . . . , n, of the process

as well as all states of the valve layer (e.g., the valve posi-

tion and velocity if modeling of the dynamic evolution of

those states is required to adequately characterize those

states; this may occur, for example, when the valve is

sticky and the position and velocity vary according to

a force balance that includes the friction force on the

valve). The dynamic equations for the process and the

valve layer are combined into one process-valve model

defined by the vector function fq as follows:

q̇ = fq(q, um, w) (2)

It is assumed that the origin is the equilibrium of this

process-valve system when w(t) ≡ 0.

Types of Valve Dynamic Responses

Valve dynamics that can be described by static equa-

tions include nonlinear valve characteristics such as

equal percentage or fast opening (square root) charac-

teristics (Coughanowr and Leblanc (2009)). A valve

characteristic describes the relationship between the

percentage that the valve has traveled between its

fully open and fully closed positions (percentage open)

and the percentage of the fully open valve output

flow rate that is achieved at the given percentage

open of the valve. Figure 1 shows several common

valve characteristic curves (linear (L), equal percent-

age (EP), and square root (SR) valve characteristics)

for a valve for which the fully closed valve is associ-

ated with the minimum stem position and the fully open

valve is associated with the maximum stem position.
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Figure 1. Common valve characteristics: L (linear), EP

(equal percentage), and SR (square root).
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Figure 2. Plot showing major characteristics of the re-

sponse of a sticky valve to changes in the control signal

to the valve.

In addition to valve dynamics described by static

equations, some valve dynamic behavior can be de-

scribed by dynamic systems of equations. One example

that is typically incorporated within the undergradu-

ate process control curriculum is valve dynamics that

can be modeled using a first- or second-order transfer

function. Such dynamics may arise from, for exam-

ple, the lag as air is transferred into the area containing

the valve diaphragm in a pneumatic spring-diaphragm

valve (Coughanowr and Leblanc (2009)). A common dy-

namic valve nonlinearity in the chemical process indus-

tries is stiction. Stiction is caused by friction between



the moving surfaces of the valve. It prevents the valve

output (flow rate) from responding to the control signal

to the valve until the force on the valve from the actua-

tion due to the control signal sent to the valve has built

up enough to overcome the deadband and stickband of

the valve. When the breakaway force is exceeded, the

valve stem moves quickly to a new position (slip-jump),

after which the valve responds linearly (moving phase)

to the control signal to the valve until the changes in the

control signal to the valve change direction, as shown in

Figure 2. It is notable that the response of a sticky valve

to changes in the control signal to the valve has simi-

larities to the response of a valve subject to other valve

nonlinearities described by dynamic equations, such as

deadband (resulting from, for example, backlash) and

hysteresis (Choudhury et al. (2005)). Thus, analysis and

compensation of valve stiction can provide some insight

for other valve nonlinearities.

As the severity of stiction worsens, the nonlinear ef-

fects of stiction become more pronounced. For example,

Figure 3 shows the output from a pressure-to-close pneu-

matic spring-diaphragm sliding-stem globe valve with

low stiction (Vendor valve) and from a valve with more

significant stiction (Nominal valve) as the pressure ap-

plied to the valve is ramped up and down (Vendor and

Nominal parameters taken from Garcia (2008)). As

shown in the figure, after the initial transient, the valve

output enters a loop that takes a different shape for the

Vendor valve than for the Nominal valve. The overall

effect is that the same range of pressures cannot reach

the same range of valve outputs for the Nominal valve as

it can for the Vendor valve. In effect, the worsening of

stiction has constrained the range of valve outputs that

can be achieved with a given available actuation energy.

Types of Control Loops

The prior section shows that different types of valve

dynamics affect the valve output differently, and thus

they negatively impact effective process control in dif-

ferent ways. The manner in which they affect pro-

cess control is dependent on the type of controller used

(e.g., MPC or PID) as well as the control loop ar-

chitecture (i.e., the valve may be operated in open-

loop such that it receives a valve output flow rate

set-point from the controller of the process variable

but the flow rate out of the valve is not itself con-

trolled to bring it to the flow rate set-point more

quickly, or it may be operated in closed-loop such

that a flow controller is used to attempt to drive the

valve output to its set-point more quickly). Figure 4

demonstrates the control loop design considered, al-

lowing for different controller types and architectures.
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Figure 3. Plot showing response of valve output to ramp-

ing of pressure applied by pneumatic actuation to valve

stem for different levels of valve stiction.
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Figure 4. Figure demonstrating various control archi-

tectures that may be used in a loop with a valve as the

final control element. In this figure, y represents the con-

trolled variable and ysp and ua,sp represent the controlled

variable set-point and valve output set-point respectively.

The relationship between the type of valve dynam-

ics, the type of controller, and the control loop architec-

ture can be better understood through several examples

that highlight different issues observed due to actuator

dynamics, as follows:

• Consider a level control loop operated under PI

control, with a sticky valve operated in open-loop

(where the open-loop control law determines the

pressure that the pneumatic actuation should apply

to the valve stem for a given valve output set-point

determined by the PI controller based on a linear

relationship developed for the valve when stiction

was low). An issue that may be observed in this

case is stiction-induced oscillations in the controlled

variable. These occur due to the balance of forces

on the valve: the dynamics of the friction force al-

low it to change more rapidly than the force from

the actuation that is linearly related to the output



of the PI controller. The result is that the friction

dynamics work together with the dynamics of the

PI controller (e.g., its integral action) and the fact

that the valve is operated in open-loop which re-

stricts the force from the actuation to change at

a rate dictated by the PI controller dynamics to

produce the control loop oscillations (Durand and

Christofides (2017)).

• Consider a level control loop operated under a

tracking MPC (MPC with a quadratic stage cost)

with a valve with an equal percentage characteris-

tic. This valve is operated in open-loop such that

each valve output flow rate set-point calculated by

the MPC is translated directly to a stem position

that the valve takes, but the relationship used be-

tween the set-point and the stem position assumes

that the valve has a linear characteristic. Due to the

significant plant-model mismatch because of this,

coupled with the open-loop valve operation that

does not allow for the error to be eliminated unless

the flow rate set-point corresponding to the cor-

rect valve position is output by the MPC, the level

under the MPC may show permanent offset if the

model used to predict the closed-loop state does not

include the valve dynamics.

• Consider a sticky valve operated in closed-loop and

controlling the feed flow rate for an ethylene oxide

process under economic model predictive control

(EMPC; this is a model predictive control strat-

egy formulated with an economics-based objective

function that may not operate a process at steady-

state (Durand and Christofides (2016a))). If the

EMPC is unaware of the valve dynamics, it may

calculate set-points higher than the sticky valve

can achieve without the pressure becoming negative

(see Figure 3), with the result that the pressure will

saturate at its minimum value and the valve output

set-points will not be reached, which can lead to vi-

olation of process constraints.

• Consider a valve operated in closed-loop for which

the dynamics can be modeled as a first-order trans-

fer function, which is adjusting the feed flow rate

to an ethylene oxide process under economic model

predictive control. Concurrently, another actuator

operated in closed-loop with first-order dynamics

is adjusting the ethylene feed concentration (Du-

rand et al. (2014)). When the dynamics of these

actuators are not included within the model used

by the EMPC to predict optimal control actions, a

constraint on the amount of reactant available in a

given operating period can be exceeded due to the

plant-model mismatch.

From the above examples, it follows that one major

cause of poor performance in control loops containing

valves with significant dynamics is that the valve dy-

namics are not accounted for correctly in the control

loop design. In the following section, we will discuss

three methods for dealing with valve dynamics that seek

to either modify the valve dynamics or to include the

valve dynamics within the control loop design to avoid

the negative issues noted above.

Valve Dynamics Compensation Methods

In our recent work (Durand and Christofides (2017)),

we have analyzed three methods for compensating for

valve dynamics as follows:

• If the valve is operated in open-loop, add flow con-

trol to operate it in closed-loop.

• If the controller for the process variable contains

an integral term, adjust the integral term with an

anti-windup-inspired term.

• If the controller for the process variable is an MPC,

incorporate the valve dynamics (in addition to the

process dynamics) in the model used by the MPC.

These compensation techniques will now be discussed.

Closed-Loop Valve Operation

In this method, the value of ua is regulated to um

using flow control. This methodology has similarities to

the concept of applying a positioner to a valve, which

has also been cited as a method for stiction compensa-

tion (Ivan and Lakshminarayanan (2009)). An advan-

tage of this method is that it utilizes a standard control

design (e.g., a standard PI controller can be used to con-

trol the flow rate out of the valve). A disadvantage is

that it requires additional instrumentation and control

to be added to an open-loop valve.

Modification of Integral Error

For process variables controlled by a controller with

an integral error (e.g., PI control), but with a sticky

valve in the control loop, the dynamics of the integral



term may affect the rate at which the force on the valve

due to the actuation can change (i.e., when the valve is

operated in open-loop), which can result in oscillations

in the value of ua and in the process variable. To prevent

these oscillations, the integral error can be modified with

a term containing a tuning parameter L. To illustrate,

the formulation of a PI control law with a modified in-

tegral error to prevent stiction-induced oscillations is as

follows:

um = uas +Kc(ysp − y) +Kcζ/τI (3)

ζ̇ = (ysp − y) + L(ua − um), ζ(0) = 0 (4)

where uas is the flow rate out of the valve immediately

before the process variable set-point is changed to ysp,

and Kc and τI are the proportional gain and integral

time of the PI controller. The value of L can be tuned

for the desired set-point so that it is not so small that

there is hardly any modification of the integral term, but

also not too large such that ζ̇ becomes zero before ysp

is reached. An additional modification that can be used

in Eq. (4) to reduce offset due to this latter effect (ζ̇ =

0) is to determine a rate at which L can exponentially

decay such that it remains large for a sufficient period

of time to ameliorate the oscillations but then decays

to prevent ζ from remaining stagnant when ysp has not

been reached.

An advantage of the above approach is that it uses

a technique inspired by anti-windup methods that are

already employed in industrial PID-type controllers and

requires only an adjustment to the integral term. A

disadvantage is the need to tune L and also to determine

a suitable decay rate for L when offset from the set-

point is observed due to the inclusion of the anti-windup-

inspired term in Eq. (4).

Incorporation of Valve Dynamics in MPC

A final method for utilizing a standard control for-

mulation to compensate for valve dynamics is to include

the valve dynamics in the model used to determine the

optimal control actions applied in MPC. Thus, the pro-

posed valve dynamics compensation strategy is the use

of a process-valve model, with additional constraints

based on the effects of valve nonlinearities on process

control, within MPC. Some examples of constraints that

may be considered for stiction compensation are actu-

ation magnitude constraints (e.g., constraints that re-

quire the pressure applied by the pneumatic valve actua-

tion to never reach non-physical values such as negative

pressures), input rate of change constraints (i.e., con-

straints that require that the control actions calculated

by the MPC between two sampling periods differ from

each other by no more than a pre-specified value), or

adjusting the bounds on the allowable control actions.

These three constraints are different methods for ad-

dressing the issue observed in Figure 3, which shows

that as stiction develops, negative pressures would be

required to reach certain valve output flow rates that

were achievable with a positive pressure when the valve

exhibited minor stiction. The actuation magnitude con-

straints are a robust means of handling the issue, but

they may be computationally expensive to implement

and also require that the details of the pressure signal

from the pneumatic actuation be modeled. Input rate of

change constraints are a more ad hoc method for deal-

ing with the issue, but they may help in situations where

the MPC calculates that drastic changes in the control

action between two sampling periods are required to op-

timize the objective function, which may cause the value

of um to reach values that the pressure available from

the pneumatic actuation cannot drive the valve output

to meet. From Figure 3, it is also seen that adjusting

the bounds on um as stiction develops is another method

for preventing the pressure from becoming negative (see

also, for example, (del Carmen Rodŕıguez Liñán and

Heath (2012)) for other examples of MPC’s employed

in stiction compensation where bounds on the control

actions are adjusted), but this requires that the bounds

be re-estimated throughout time as stiction worsens and

the bounds change. The formulation of MPC-based

valve dynamics compensation is as follows:

min
um(t)∈S(∆)

∫ tk+N

tk

LMPC(q̃(τ), um(τ)) dτ (5a)

s.t. ˙̃q(t) = fq(q̃(t), um(t), 0) (5b)

q̃(tk) = q(tk) (5c)

q̃(t) ∈ Q, ∀ t ∈ [tk, tk+N ) (5d)

um(t) ∈ U, ∀ t ∈ [tk, tk+N ) (5e)

g1(q̃(t), um(t)) = 0, ∀ t ∈ [tk, tk+N ) (5f)

|um,i(tk)− u∗

m,i(tk−1)| ≤ ε, i = 1, ...,m

(5g)

|um,i(tj)− um,i(tj−1)| ≤ ε, i = 1, ...,m,

j = k + 1, ..., k +N − 1 (5h)

where S(∆) signifies the set of vector-valued piecewise-

constant functions with period ∆, LMPC is the objec-

tive function, q̃ represents the predicted process-valve

state from the nominal process-valve model of Eq. (5b)



with the initial condition derived from the state mea-

surement at time tk in Eq. (5c), Eqs. (5d) and (5e) are

state and input constraints, Eq. (5f) represents equality

and inequality constraints that may include actuation

magnitude constraints, and Eqs. (5g)-(5h) are input rate

of change constraints (u∗

m,i(tk−1) represents the imple-

mented value of um,i at the previous sampling time).

In addition to the flexibility that the MPC-based valve

dynamics compensation method offers for modifying the

constraints depending on the characteristics of the valve

dynamics being handled, it also provides a number of

other advantages. Most notably, the MPC can antici-

pate the full response of both the process and also of the

valves by incorporating models of each, with the result

that it is well-suited to handle the negative effects of

a variety of types of valve dynamics for both open and

closed-loop valves. It can also account for multivariable

interactions when there are multiple loops impacted by

valve dynamics. In addition, the method is applicable

for a wide variety of objective functions (e.g., tracking

or economics-based), and stability constraints based on

Lyapunov functions have been developed for the method

that provide provable feasibility and closed-loop stabil-

ity properties to the controller even with input rate of

change constraints (Durand and Christofides (2016a)).

A disadvantage of the method is that a model of

the valve dynamics is required, which may be difficult

to obtain and may result in a stiff process-valve model

if the valve dynamics are significantly faster than the

process dynamics. A method for improving the com-

putation time under such circumstances, while reducing

the need for modeling the details of the valve layer, is

to determine an empirical model of the valve dynamics

and to use this within the MPC for valve nonlinearity

compensation. This was demonstrated in Durand and

Christofides (2016b) in the context of EMPC by devel-

oping a model for the valve layer dynamics using only

data on um and ua for a valve operated in closed-loop.
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