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A high-speed valve for surge control in a centrifugal compression system

Jan van Helvoirt,∗ Bram de Jager, Maarten Steinbuch, and Nick Rosielle

Abstract— This paper deals with the critical problem of
actuator limitations for the successful implementation of active
surge control. We specify the capacity, bandwidth and allowable
time delay for a control valve that can be used to actively
suppress surge in a specific full-scale centrifugal compression
system. The actuator requirements are obtained from closed-
loop simulations with a nonlinear simulation model of the
compressor test rig. In order to meet the requirements, a new
high-speed valve actuator had to be developed. We present the
resulting actuator design and provide test results to illustrate
that the control valve meets our design specifications.

I. INTRODUCTION

Surge is an unstable operating mode of turbocompressors

that occurs at low mass flows. The instability is characterized

by large limit-cycle oscillations in compressor flow and

pressure rise. Surge reduces compressor performance and it

can endanger the safe operation of the system.

The idea to actively suppress surge originated from [1].

In general, the goal is to stabilize the system to the left

of the surge line by modifying its dynamic through the

use of appropriate feedback. Many promising results of this

approach have been reported in literature, see for example

the surveys in [2–5].

An aspect of practical importance for surge control is the

selection of the actuator(s). Systematic studies of sensor and

actuator selection for surge control can be found in [6], [7].

Roughly, the following means of actuation can be distin-

guished within the literature: control valves, air injectors,

and variable geometries like movable plenum walls and inlet

guide vanes. A more recent idea is to use the electric drive

of a compressor as an actuator, see for example [8]. Other

actuators like loudspeakers, heaters and fuel regulators (for

turbine-powered compressors) appear to be less suitable for

large systems and therefore we will not discuss them here.

Surge control tests with a movable wall actuator are

discussed in [9], [10]. Variable inlet guide vanes are mainly

used in industry to optimize the performance and efficiency

of turbocompressors during stable operation. The main draw-

back of variable geometries for active surge control in full-

scale installations is that these actuators are complex, bulky

and expensive.

Air injectors have proved to be highly effective actuators

for surge suppression as well as for stabilization of rotating

stall [11], [12]. Their drawback is the drastic modifications

of the compressor internals that are required for installation,

in particular for multi-stage machines. Furthermore, practical
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experience with air injectors is limited and their reliability

in industrial applications is still to be proven.

A close-coupled valve (located directly behind the com-

pressor) yields the best surge control performance according

to [6], [7]. Successful surge control experiments with control

valve actuation, both with close-coupled and plenum bleed

valves, are reported in [13–16]. Control valves are standard

equipment in industry (e.g. in conventional surge avoidance

systems) and installation of an active surge control valve is

relatively easy.

Despite the progress in the field and the potential impact

on industrial compressor operability, full-scale applications

of active surge control have not been realized yet. A critical

technological barrier is put up by the limited actuation

capabilities as stated in for example [5], [17].

In this paper we address this problem and focus on the

actuator specifications that are required for active control of

surge in a full-scale centrifugal compression system. We start

with a brief introduction of the centrifugal compressor test

rig and the available dynamic model for this system. We

then discuss the actuator specifications and how they were

obtained from closed-loop simulations. Finally, we present

the design of a custom-made valve actuator and we provide

test results to show that the high-speed control valve meets

our design specifications.

II. CENTRIFUGAL COMPRESSOR SURGE

The results presented in this paper are based on ex-

perimental work with an industrial centrifugal compression

system. In this section we introduce the test installation

under study and we briefly discuss the nonlinear model of

the compression system dynamics. After presenting some

validation data we address the design of a linear quadratic

regulator and Kalman state estimator (LQG control) that will

be used during closed-loop simulations.

A. Experimental setup

The experimental setup is an industrial test rig, consisting

of a single-stage centrifugal compressor, intake and discharge

piping system and a throttle valve. Close to the compressor

two additional valves are installed; a fast control valve and a

slow throttle valve for precise adjustments of the compressor

operating point.

The compressor is driven by an 1 MW electric motor

and operating speeds lie between 14, 000 an 21, 000 rev/min.

Mass flows range from 1.8 to 3.7 kg/s and pressure rises from

0.1 to 0.9 bar. The system is equipped with an orifice flow

meter, temperature, static pressure and stagnation pressure

probes. All compressor measurements presented here were
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TABLE I

PARAMETERS OF THE COMPRESSION SYSTEM

Parameter Value Unit

compressor duct length Lc 10.6 m

compressor duct area Ac 0.0255 m2

suction volume V1 3.57 m3

suction piping length L1 29.6 m

discharge volume V2 9.82 m3

discharge piping lengthL2 41.9 m

compressor

flow orifice

throttle

pressure, temperature probes

∅ 400 mm

∅ 300 mm

boundary

∅ 400 mm∅ 600 mm

valves

Fig. 1. Piping layout of the compression system.

taken with a dedicated data-acquisition system at a sample

rate of 256 Hz. The main characteristics of the setup are

summarized in Table I and more details can be found in [18].

A layout of the piping system is shown in Fig. 1. We

point out that the discharge piping of the investigated system

is exceptionally long in comparison with other test facilities

discussed in literature. The combination of piping dimen-

sions and typical speeds, flows and pressure rises of the

installation make it a good representation for a single stage

of compression systems in the (petro)chemical industry.

B. Dynamic model

The dynamic behavior of turbocompressors during surge

can often be described by lumped parameter models, similar

to the well-known Greitzer model. However, in the long

piping system of the studied test rig, acoustic waves with

significant amplitude occur during surge. Since wave phe-

nomena are not captured well in lumped parameter models,

a more involved dynamic model was developed for the

investigated compression system. Details on the development

and validation of this model are given in [18].

The two-port structure of the dynamic model, including

piping acoustics, is depicted in Fig. 2. The model consists of

an impulse balance for the compressor, including a nonlinear

compressor characteristic (see Fig. 4), a mass balance for

Compressor

+

Valves

Pipeline Plenum Throttle

qc(t) qc(t) qp(t) qt(t) qt(t)

p1(t) pc(t) p2(t) p2(t) p1(t)

Fig. 2. Two-port model with flows q(t) (= ṁ/ρ) and pressures p(t).
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x 10

4

t (s)

∆
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Fig. 3. Pressure measurement (gray) and simulation (black) during surge.

the plenum volume, static valve characteristics (see Fig. 4),

and a transmission line model that describes the acoustics of

the discharge piping. Fig. 3 shows both the measured and

simulated pressure difference during a single surge cycle.

C. Control design

Our goal is to obtain actuator specifications through

closed-loop simulations. For this purpose any controller that

stabilizes the system under realistic (simulated) conditions

is adequate. The design of a stabilizing LQG controller

is straightforward and provides some means of tuning the

closed-loop such that control energy is minimized, and

thereby realizing a large domain of attraction [16, pp. 47].

Therefore, we will design an LQG controller for the lin-

earization of the compressor model around a specific unstable

operating point. Fig. 4 illustrates how an operating point can

be selected by opening or closing the throttle valve(s). We

point out that the only measurable state of the resulting linear

state-space model (A, B, C, D) is the compressor discharge

pressure pc(t). Accurate dynamic mass flow measurements

are not available and there exist no straightforward relations

between the six internal states of the transmission line model

and measurable variables.

The reference for the controller is the value of the dis-

charge pressure that corresponds to the selected operating

point. The operating point is specified as a percentage of the

mass flow (ṁc(t)) at the surge line.

We use a standard LQ regulator to obtain a state-feedback

law u = −Kx that minimizes the quadratic cost function

J(u) =

∫

∞

0

(

xT Qx + uT Ru
)

dt (1)

with x, u, and y = x the state, input and output vectors,

respectively and weights R and Q as design parameters. The

state vector consists of the mass flow ṁc, discharge pressure

pc, and the six internal states of the transmission line model
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Fig. 4. Compressor and throttle characteristics; o = surge point.

for the piping acoustics. The control input u represents the

control valve opening that can vary between 0 (closed) and

1 (fully open).

In order to have access to the unmeasurable states, a

Kalman filter

˙̂x = Ax̂ + Bu + L (y − Cx̂ − Du) (2)

with filter gain L is designed. This filter provides an estimate

x̂(t) such that u = −Kx̂ remains optimal. The covariances

E(wwT ) = W , E(vvT ) = V of the process noise w

and measurement noise v, respectively, are considered to be

design parameters.

The controller that was used to obtain all results in the

remainder of this paper, was designed for an operating point

at 95 % of the surge mass flow with a nominal control

valve opening of 0.5. The weight Q was set to I and we

used R to tune the controller. We remark that the right-half

plane zero present in the linearized system model imposes

a lower bound on the achievable bandwidth. Hence, further

reduction of R after reaching this bandwidth is not useful.

Fortunately, minimizing control effort requires a large R.

Similar arguments hold for choosing W = I and V low to

achieve the best possible loop transfer recovery. However,

noise in the system (variance 2·104 in experiments) requires

a minimal value of V to avoid actuator saturation.

Numerical tuning gave R = 5e7 and V = 5e7 as suitable

values. The large numerical values are caused by the fact that

the mass flow is expressed in kg/s (O(1)) while pressures

are in Pa (O(105)). The result of a closed-loop simulation

in Fig. 5 shows that the controller stabilizes the system

when the mass flow is throttled down towards the normally

unstable operating point that is reached after 30 s.

III. SURGE CONTROL VALVE

This section deals with the specifications of a control

valve actuator that are required to stabilize the centrifu-

gal compression system under study. First, we discuss the

various specifications that are considered and how they are

quantified through numerical simulations. Secondly, we will

elaborate on the realization of an actuator prototype and
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Fig. 5. Closed-loop simulation without valve dynamics, time delay and
noise; nominal operating point (ṁc0, pc0, u0) = (1.99, 1.464·105, 0.5).

present the resulting design. Finally, experimental results

are presented to demonstrate that the actuator meets all the

imposed requirements.

A. Actuator requirements

From literature (e.g. [5], [16] and our own investigations

we know that the bandwidth and, even more important,

the valve capacity are important specifications for a surge

control valve. The control valve must respond fast enough to

commands from the surge controller. Furthermore, changing

the valve opening must have a significant influence on the

pressure behind the compressor in order to provide adequate

damping of surge oscillations. Another well-known issue

is the negative effect of time delays between a control

command and valve response on the closed-loop stability,

see [17], [19].

Given the arguments above, we focussed on defining

quantitative specifications for the valve capacity, bandwidth

and the maximum allowable time delay. Other specifications

as the life span, power requirements, efficiency and costs,

although of practical importance, were not taken into con-

sideration in this research.

We performed numerous closed-loop simulations in the

presence of bandlimited white process noise (variance 2·104)

while subsequently varying the valve capacity, bandwidth,

and time delay. The valve dynamics are represented by a third

order low-pass filter (see also [19]), representing a mass-

spring-damper system with a bandwidth equal to the cut-off

frequency of the filter. The valve capacity was varied by mod-

ifying the so-called Kv value, see [20], of a standard control

valve for which an accurate flow characteristic was available.

We introduced a single time delay of variable length between

controller output and valve position to represent all possible

electronic and mechanical delays.

Some typical results from the simulations are shown in

Fig. 6 in which the compressor goes from a stable to an

unstable operating point (without control) between t = 20
and t = 40 s by slowly closing one of the throttle valves. The
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Fig. 6. Closed-loop simulation with Kv = 30 (upper figures) and Kv =
40 (lower figures); ts = 0.0625 s and τ = 0.01 s, nominal operating point
(ṁc0, pc0, u0) = (1.99, 1.464·105, 0.5), variance process noise 2·104.

TABLE II

DESIGN SPECIFICATIONS FOR THE SURGE CONTROL VALVE

Parameter Value Unit

control valve capacity Kv ≥ 40 m3/h

control valve bandwidth fc ≥ 16 Hz

actuator time delay τ ≤ 0.01 s

results in Fig. 6 clearly show that the compression system

is only stabilized when the capacity of the control valve

is chosen large enough. The specifications for the control

valve actuator that we obtained from the simulations are

summarized in Table II.

Additional simulations showed that increasing Kv well

above the specified value relaxes the bandwidth and time

delay requirements. However, a larger bandwidth or smaller

time delay has hardly any effect on the minimum valve

capacity that is needed to stabilize the system. Hence,

we conclude that the valve capacity is the most critical

requirement for the surge control actuator.

B. Actuator design

Given the design specifications obtained from the closed-

loop simulations, we first investigated if they could be

met with a commercial control valve actuators. Since this

appeared not to be the case, we proceeded with designing a

custom-made control valve actuator. Details of the develop-

ment will be omitted here and we will only address the most

important design choices.

Firstly, a choice was made to use a commercially available

valve with a known flow characteristic. We selected a 50
mm diameter sliding gate valve with a Kv value of 45
m3/h, based on previous experience with this type of valves.

Furthermore, this valve has a linear relation between capacity

and valve opening, a relatively low moving mass of 0.353
kg, and a short stroke of 8 mm.

Fig. 7. Assembly drawing of design and photograph of final prototype.

Secondly, we chose to use an electric servo motor as

actuator. In general an electric motor introduces less time

delay in comparison with pneumatic actuators. Furthermore,

designing an electro-mechanical system is less complicated

and it requires less auxiliary equipment than hydraulic and

pneumatic actuators. In order to achieve a direct and compact

transmission of the motor rotation into a valve translation,

an eccentric disc was mounted on the motor shaft and the

disc was connected to the valve stem with a connecting rod.

Finally, for the selection of a suitable servo motor, straight-

forward dynamic calculations were performed where we took

into account the required bandwidth, the various masses

and inertias, the transmission ratio, conservative estimates

of transmission efficiency and valve friction (estimated: 100
N, measured on tensile test bench: 45 N). Through a trial-

and-error selection procedure we found a motor that was able

to meet the following demands: a peak torque of 2.32 Nm,

peak acceleration of 26959 rad/s2, maximum speed of 1642
rev/min and a power requirement of 300 W.

The mechanism of the valve actuator and a photograph of

the realized prototype are shown in Fig. 7. Operation of the

valve is possible through the communication software of the

power amplifier and motor control module, which are not

shown here.

C. Design evaluation

After the construction and assembly of the actuator proto-

type, various tests where conducted to evaluate if the design

specifications were met. After installation and initialization

of the valve and motor electronics, we first tested the

response of the valve with a sequence of step commands of

arbitrary size. The results are shown in Fig. 8 and from this

and similar experiments we concluded that the time delay

specification was met. In the entire chain ”controller board,

motor electronics, actuator, encoder, controller board” only

one sample time delay, i.e. τ = 0.001 s, was found. However,
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Fig. 9. Sine reference (gray) at 25 Hz and control valve response (black).

we point out that the valve response has significant overshoot

at large amplitude steps, indicating the need for fine-tuning

of the motor position controller.

Secondly, we made an attempt to measure a transfer

function of the actuator dynamics. However, due to the

significant amount of friction in the moving parts of the

valve (due to rubber seals), a linear transfer function could

not be measured. A possible method to tackle this problem

is to apply friction compensation. However, we followed

a more straightforward approach by applying a sinusoidal

position command with an amplitude corresponding to 80 %

full stroke and a varying frequency. The result for a 25 Hz

sinusoid is shown in Fig. 9. This measurement indicates that

the bandwidth of the system is located around 22 Hz and

this result was confirmed by various other step and impulse

response experiments.

We point out that a bandwidth of 22 Hz is almost double

the speed of commercial control valves of similar size. For

example, a standard sliding gate valve with a Kv value

of 6.4 and a conventional pneumatic actuator has a 12 Hz

bandwidth and a time delay of 0.01 s, see [17].

Thirdly, the control valve capacity was measured by the

manufacturer of the sliding gate valve body in accordance

with the ISO standard [20]. After reviewing the measurement

data provided by the manufacturer, we found no need to

conduct further experiments to verify the specified Kv value

(45 m3/h), which is above the required value.

Finally, the control valve was installed in the test rig to

conduct further tests at realistic operating conditions and to

evaluate the designed surge controller. At the time of pub-

lication, successful suppression of surge with the designed

control system has not been achieved yet. Discussing these

experiments and the possible causes for failure is beyond the

scope of this paper. Therefore, we cannot conclude whether

or not the valve capacity is large enough to stabilize the

studied compression system to the left of the surge line.

IV. DISCUSSION AND CONCLUSIONS

In this paper we addressed actuator limitations as being

one of the technological barriers for the successful appli-

cation of surge control in full-scale compression systems.

We used a new model for the surge dynamics and piping

acoustics to design a stabilizing LQG controller for a specific

centrifugal compressor test rig. The typical dimensions of

the test rig and the detailed dynamic model allowed us to

perform closed-loop simulations that are representative for

industrial compressor applications.

We argued that there are three important requirements

for surge control valves, namely the valve capacity, band-

width and the introduced time delay. With the closed-loop

simulation model we quantified the capacity, bandwidth and

time delay specifications for a control valve actuator. These

simulations showed that the valve capacity is the most critical

requirement for successful surge control. The bandwidth and

time delay requirements are somewhat related to each other

since they both introduce a phase lag. This implies that

an improvement in one of the two parameter relaxes the

requirement imposed on the other.

Furthermore, we concluded that the design specifications

for a control valve could not be met by a commercial

actuator. Hence, we developed a custom-made control valve

actuator that could meet the requirements. With some test

results we illustrated the superior performance with respect

to the achieved bandwidth and negligible time delay of this

control valve compared to standard industrial control valves.

In order to reduce the friction within the valve and thereby

improve its dynamic behavior, we are currently working

on an improved design of the valve body. Furthermore,

the question whether or not the valve capacity is sufficient

to actually stabilize the compression system remains to be

answered.

Future work must focus on assessing the feasibility of

active surge control for industrial compression systems. Such

an assessment requires further improvements of simula-

tion models and (nonlinear) control strategies, supported

by experiments on the studied test rig and other systems.

To facilitate experiments, work should continue on obtain-

ing adequate actuator requirements for different industrial

compression systems. Furthermore, a comparison of control

valves with other types of actuators could provide more

insight in the optimal actuator for full-scale surge control.

Once a suitable actuator is available, practical requirements

like reliability, life span, and costs must be taken into account

to support acceptation of active surge control by industry

once the technology proves to be successful.
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