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Abstract— This work presents a controller design to an electrohydraulic actuator applied to movable nozzles on microsatellites
launchers vehicle and sounding rockets using models obtained from closed loop identification, to improve requirements to step-
unit response as rise time (bandwidth) and overshot. The plant identification or dynamic system identification to the Electro hy-
draulic actuator was obtained preliminarily using subspace methods. The actuator is being developed to TVC system applied to
Brazilian nozzles to attitude control, at the Aeronautic Technician Center (DCTA). The design criteria is to obtain rise time lower
than 60 mili-seconds and 20 percent of overshot. The open loop transfer functions were identified from tests using simple propor-
tional controllers and the controller designed is performed using the multiple rootlocus approach. The digital controller is imple-
mented and validated using a real-time system. Others control extrategies are discussed using analog and digital controllers to the
electrohydraulic actuator. Unit-step response are compared using closed loop data from test for validation.

Keywords— Electrohydraulic actuator, controller design, system identification.

Resumo— Este trabalho apresenta o projeto de u controlador para um atuador eletrohidraulico aplicado a tubeiras moveis em ve-
iculos lancadores de microssatélites e veiculos de sondagem utilizando modelo obtidos de identificagdo em malha fechada, para
melhorar requisito de resposta ao degrau unitario como tempo de subida (banda passante) e sobressinal. A identificagdo da planta
ou identificagdo de sistema dindmico para o atuador eletrohidraulico foi obtida preliminarmente utilizando métodos de sub-
espaco. O atuador esta sendo desenvolvido para o sistema TVC aplicado a tubeiras nacionais para controle de atitude, no Centro
Técnico Aeroespacial (DCTA). O critério de projeto é obter tempo de subida menor que 60 ms e 20% de sobressinal. A As fun-
¢Oes de transferéncia de malha aberta foram identificadas de testes utilizando controladores proporcionais e 0 projeto do contro-
lador é realizado utilizando a abordagem do mdltiplo lugar das raizes. O controlador digital € implementado e validado com um
sistema de tempo-real. Outras estratégias de controle sdo discutidas utilizando controladores analdgicos e digitais para o atuador
eletrohidraulico. A respostas ao degrau unitério sdo comparadas utilizando dados em malha frechada de dados de testes de vali-

dacéo.

Palavras-chave— Atuador eletro hidraulico, Projeto de controlador, Identificacéo de sistemas.

1 Introduction

The thrust vector control system applied to atti-
tude control consists of a movable nozzle operated by
an electro-hydraulic actuator (EHA) and a flexible
joint, as shown in the Figure (1). This system is ap-
plied to controlled vehicles, e. g. the Brazilian Mi-
crosatellite Launcher Vehicle VLM-1, described in
details in (Loures da Costa et al., 2012), and to sound-
ing rockets purposes. Actually new extrategies are
being considered concerning the development of new
technologies to the EHA to support such vehicles. The
EHA is one of them, where the Institute of Aero-
nautics and Space (IAE) has projects focused on Pres-
sure Fed Systems (PFS) using different hydraulic
pressure, new materials, gas, new cylinders, new
controllers and electro hydraulic servo valves
(EHSV).

The EHA is a device that has an important func-
tion in TVCs systems (Cornelisse et al., 1979), and so
its complete dynamics behavior must be known in
details. The IAE facilities permits the characterizing
and to test several types of EHA, presented in the Fig
2. It consists of a workbench with a mass-spring-
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dump load attached to the rod of the EHA. A real-time
system is available to digital control design validation,
as well as to open-loop and closed-loop identification.

Figure 1. The movable nozzle.
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Figure 2.The Electrohydraulic actuator workbench.

w /.

Figure 3. (left) — CompactRIO system and (right)
load: springs, mass and damping.

The EHA can operate in open-loop or closed-loop
manner detailed in (Merrit, 1991) and (Jelali and
Kroll, 2003). In the first case some EHA needs an
external feedback because its integration action. In the
second case the external feedback can be used to
improve dynamic response like time-domain specifi-
cations as well as to reduce or eliminate the steady-
state error. So it is mandatory the identification of its
linear or nonlinear dynamics, to control designs and
validation. This work presents the results obtained
from PID control design based on models from
closed-loop identification using subspace approach
and the multiple root-locus technique to control de-
sign and validation to a specific EHA.

In (Barbosa et al., 2013) is discussed a nonlinear
dynamic behavior to a TVC system using this EHA.
The work of (Werkerly et al., 2016a) presents the
Status of Brazilian Thrust Vector Control System
Development and (Werkerle et al., 2016b) presents
the closed-loop actuator identification for Brazilian
Thrust Vector Control development.

2 The Plant and Real-Time Controller

The Figure 4 presents the simplified control sys-
tem to the EHA closed-loop operation. The Comp-
ctRIO (CRIO) performs the digital control to the
EHA. ADCs and DACs converters are used to gener-
ate and to collect data with sample frequency of
100Hz and 200Hz.

The Figure 4 shows the block diagram to the digi-
tal EHA control system, while the Figures 5 and 6
present the devices and general blocks for the feed-
back control
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Figure 4. Control system to the EHA operation.
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Figure 5. Control system to the EHA operation.
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Figure 6. Block diagram to the digital EHA control
system.

The Figure 7 presents the digital controller in
LabVIEW environment.
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Figure 7. The CRIO PID controller.

3 Plant Identification and Subspace Methods

The identification processes detailed in (Ljung,
1999) and the subspace identification methods refers
to an algorithms class of parametric identification
where model form is on discrete state space, accord-
ing to (Katayama, 2005) and (Machado, 2013). SIM
methods (subspace identification methods) have a
main character recover the system matrix from a vec-
tor projection from observed input-output data (Moor
et al., 1996). The classical application of identification
techniques consists in tests with system operating in
open-loop operation and the noise is uncorrelated with
input data. In this case, the SIM methods seems work
well. However, in some cases it is not possible to
identify the system in open-loop, due to its instability
behavior (unstable in open-loop, integrator behavior
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or security condition), the closed-loop identification is
necessary.

The main difficulty with closed-loop identifica-
tion is the correlation with noise and the input data
caused by feedback. In this sense, SIM methods
seems produce results more favorable than classical
methods. In this work the SIM method known as
DSR_e (combined deterministic and stochastic system
identification and realization), proposed by Ruscio
(2008), can be applied in both cases open and closed-
loop. The linear model obtained from the subspace
method was chosen as a third order, so we have:

X1 = AX +Bu +Kg,
Y =CXx, +&,

which X, is the system states vector, uy is the input
vector, yy is the output vector and "k is the innovation
method. The identification problem consists in deter-
mine the model matrices A,B and C and the Kalman
gain K. The matrix D is assumed to be null. The
DSR_e algorithm proposed by (Ruscio, 2008) is a
SIM method composed of basically two steps. In the
first step the experimental data are separed in two
components, a signal named yd J=1 and a innovation
sequence, "J=1". In the second step, a state space
model is obtained from deterministic identification
deterministic, described in (Ruscio, 2008).

The algorithm DSR_e proposed by (Ruscio,
2008) was implemented in (Machado, 2013) and ap-
plied for system identification.

In (Machado, 2013) the first step is according to
the original version, however opted to use the deter-
ministic subspace algorithm N4SID (numerical algo-
rithms for subspace state space system identification)
to solve the determination the order and system matri-
ces. The Figure 8 presents the block diagram of algo-
rithm DSR_e. The identification parameters are the
past horizons J and future horizons L used to construct
the data matrices.

The SIM method apply LQ factorization (trans-
pose of QR factorization) and SVD decomposition
(singular value decomposition), in (Aguirre, 2007), to
obtain, respectively, the observability matrix, and
model of order n. Then finally, a state sequence esti-
mated, we can obtain the matrices A, B e K solving
the LS (least squares) regression problem.

1
X, = AX, +[B K{uk} @

&y

yi =Cx,

details about the subspace algorithm equation can be
found in (Machado, 2013).
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Figure 8. DSRe method (Machado, 2013).

The closed-loop identification using subspace
method produced the following third order models
using aleatory signal and PRBS signal of excitation:

Signal excitation | MRSE [%] Identified poles
PRBS 20.84 -22.65, -143.65+ j119.85
Aleatory 16.23 -29.07, -131.95+j127.12

Table 1 - Poles from closed-loop identification and
MRSE index.

obtaining to the following plant transfer function:

e(s?+ fs+g) )

G(s) = 5
(s+a)(s® +cs+d)

and numerically:

G(s) = 14.91(s? - 417.7s + 64700) 3)
(s+29.07)(s? + 263.95 + 33570)

so the parameters are

a=29.05 e=14.91
c=263.9 f=-417.7
d = 33570 g=64700

The model presents a second order dynamic sys-
tem in which its complex poles are -131.95 + j127.12
rad/s. The Figure 9 shows the results obtained assign-
ing the first order pole at 30 rad/s, from experimental
data and identification processes.
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Figure 9: Gain versus frequency, open-loop operation
using sine wave excitation, closed-loop operation via
aleatory and PRBS signals of excitation.

4 PID design - the multiple root locus approach

The PID controller, described in widely literature
as (Astrom, 1988), (Ogata, 2010), and (Franklin,
1991), improves the dynamic response as well as to
reduce or eliminate the steady-state error. The actually
proportional unit-step response is presented in the
Figure 10.
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Figure 10. Unit-step time response.

It can be noted that the rise time and overshot are
t, =90msand m , >10% respectively. In this work

the design requirements to the closed-loop specifica-
tions are:

t, <60ms rise time

M, <30% overshot

The relative location of the poles can be consid-
ered and we can apply the dominant second-order
closed-loop poles approach to define the limits as
follows, just as reference on choosing of PID gains.

i. the overshot Mp equations produces the damping
ratio:
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—&r

M, =eVre

P

£>045

ii. And the rise time and damping ratio defines the
undamped natural frequency:

7—p and

®, \J1-E&?

S0 7T —arccos &
@, =—F—

t,\J1-&2

The multiple root locus approach consists of plot-
ting a set of root locus, performed with parameters of
interest. Let the generically characteristic equation
due to closed-loop transfer function T(s),A(s) =0 as

follows.

t, = [ =arccos &

w, >50.2rad /s

D(s) +k,N, (s) +K,N, () +...+k,N,(s) =0 (4)

As astep 1 we assign: k, =k, =..=k, =0
A;(S)=D(s)+k;N,(s)=0

base root locus:

5
1ok MO g (5)
D(s)
k, €[0,0); k,=k;=..=k,=0
As astep 2:

k, =k,; k, €[0,00);
A, (s) = D(S)+E1N1(S)+k2N2(S) =0

Ky =k, =...=k, =0

n

and applying the golden rule:

NG ®)

1+k, ——2=—"———=
D(s) +kiN, (s)

k, €[0, )

as a step 3:
k, =k, k, =k, k, €[0,0);
k, =ks =..=k, =0

and applying the golden rule:

Tk, LHON _
D(s) + kN, (s) +k, N, (s)
P, Na®) g )
A, (s)
k; €[0, )

finally at step n:
k, =k, k, =k, k, €[0,00);

An(S) :An—l(s)_'_ann(S) =0
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and applying the golden rule:

NL(S) _, ®)
"2 )

K, €[0, )

1+k

so, applying the multiple root locus approach to the
closed loop transfer function or transmission function
T(s):

(k,s+k; +kgs?)e(s® + fs+g)

s(s+a)(s? +cs+d)+(k,s+k; +k,s%)e(s® +

with the characteristic equation:

A(s) =s(s+a)(s®> +cs+d) +
+(k,s+k; +kys?)e(s® + fs +g) 9)

Rewrited as

A(s) =s(s+a)(s®> +cs+d) +
+k,se(s®+ fs+g)+
+k, e(s®+fs+g)+
+k, es?(s® + fs+g)

So the polynomials are, according to Eq 6 and 7,

D(s) =s(s+a)(s®> +cs+d)
N,(s) =e s(s*+ fs + Q)
N,(s)=e (s’ + fs+ Q)

N,(s) =e s*(s’ + fs + Q)

(10)

the base root locus is defined as

e(s® + fs+g)

1+k =
P (s+a)(s®+cs+d)

k, €[0,0); k; =k, =0

the base root locus is presented in the Figure 11 as
follows.
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Figure 11. Base root locus

The pole related to the sampling frequency, 200Hz
(T=5ms), is:

2 2

= —400 rad/s
5

In which is assumed with no influence on PID control
design. The first multiple root-locus is obtained from

Eq. (6):

K e(s?+ fs+Q) B
"s(s+a)(s® +cs+d)+k,es(s®+ fs+g)

with:

kp:Ep k; [0, ) ky =0

The Figure 12 shows the first multiple root locus.

Root Locus
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Figure 12. First multiple root locus.

The polynomials to the second multiple root-locus are

Tk es?(s’+ fs+Q) B
“ s(s+a)(s®+cs+d)+kes (s’ + fs+g)+

+ke (s?+ fs+g)
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the second multiple root locus is obtained with

k,<[0,00): k,=k, and k,=k, , shown in Fig. 7.
The Figures 13 and 14 shows the first multiple

root locus.
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Figure 13. Second multiple root locus

250

The Figure 14 shows the final root locus where
are pointed out the closed loop poles obtained using
the PID controller.
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Figure 14. Final system root-locus.

5 Results and closed-loop time performance

The figures as follow show the unit-response of
the closed-loop control using the PID gains calculated
in the previous section. The Fig. 15 shows the results
using kp=0.251, ki=15.624 and kd=0.005.
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Figure 15. Unit-step time response.

The Figure 16 shows an amplification of figure
14 (zoom) and we can note the rise time and overshot
obtained with the PID gains.
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Figure 16. Unit-step time response (zoom).

The undershots on the unit-step response, shown
in Fig. (16) and (18) are is due to zeros on plant model
identified in closed loop operation using subspace

time - s
Figure 17. Unit-step time response.
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The Figure 18 shows an amplification of figure
16 (zoom) and we can note the rise time and overshot
obtained with the PID gains.
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Figure 18. Unit-step time response (Zoom).

The performance criteria used to characterize the
transient response to a unit-step input include rise
time, peak time, overshot Mp and settling time. The
rise time t; is the time required for the response to rise
from 10 percent of the final value to 90 percent of the
final value.

Graphical results shows the following time speci-
fications. The rise time of 35ms and overshot 28%
was obtained, attending the preliminary control re-
quirements:

Set #1:

(PID, closed-loop identified model, 200Hz,

kp = 0.331, ki = 15.624, kd = 0.005)

t, = 100ms Mp = 3% (simulated)
t, =95ms Mp = 12% (from tests)
Set #2:

(PID, closed-loop identified model, 200Hz,

kp=1.026, ki = 33.480, kd = 0.005)

t, =40ms Mp = 3% (simulated)
t, = 35ms Mp = 28% (from tests)

6 Conclusions

The main conclusion of this work is that the
closed loop EHA design presented performance ac-
cording to EHAs applied to TVCs systems. The suc-
cess on PID design using identified model from sub-
space approach was discussed in details, as well as the
design toll known as multiple root-locus technique.
The PID controller was validated using a real-time
platform.

The PID controller and the EHA presented a rise
time and overshot of 35ms and 28% respectively,
attending the preliminary design requirements. Some
results from simulations presented undershot due to
zeros in the identified plant.

This work is a guideline for next controllers de-
sign applied to Brazilian EHA projects, as well as to
electro hydraulic servo-valve preliminary projects.
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The closed-loop model identification is the solu-
tion to some EHA identification just because the inte-
grator characteristic of such devices in open-loop
operation.

The multiple root locus associated to the golden
rule can be applied, with good results, to the PID
design control and it can be verified that the closed
loop poles stays at the LHP (s-Laplace domain), just
collecting the multiple root locus in an interesting
direct and ordered manner. The multiple root locus
permits to observe the tendency of poles migration
through the root locus and so to choose the limits on
its parameters.

This approach considers only simplified linear
model and any nonlinearity effect must be verified
with nonlinear techniques analysis.
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