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Controller Design Using Standard Operator Model
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Manual tracking experiments were conducted to investigate aircraft operator responses. In these experiments,
the operators attempted to track a random reference input. Afterward, the operators specified the workload
required for the task. Using this information, operator models were identified and an operator control philosophy
was derived. This philosophy was used to develop a controller design method with the standard operator model to
reduce the workload. A standard operator model and controller were developed to allow the operator to control
the plant easily. This design method was applied to a plant, and a reduction in workload was confirmed.

Nomenclature
e = tracking error
Gre = transfer function from reference input to tracking error
Gry = transfer function from reference input to plant output
Guy = transfer function from plant input to plant output

(plant dynamics)
H1, H2 = feedforward/feedback operator model
q = pitch rate
qg = gust gradient component along the pitch axis
r = reference input
U0 = trimmed velocity
u = velocity change along the X axis
ug = gust component along the X axis
uK = controller output
u P = plant input
u1 = output of feed-forward operator model
u2 = output of feedback operator model
yH = input to feedback operator model from plant
yK = input to controller from plant
y[i] = discretized operator output (u1 + u2)
w = velocity change along the Z axis
wg = gust component along the Z axis
α = angle of attack
δDLC = direct lift control deflection angle
δDLCc = direct lift control deflection angle command
δe = elevator deflection angle
δec = elevator deflection command
δt = power lever deflection
δtc = power lever deflection command
δ1[i] = discretized input to feed-forward operator model (r )
δ2[i] = discretized input to feedback operator model (yH )
θ = pitch attitude

Introduction

P ILOT-IN-THE-LOOP analysis is an effective tool for inves-
tigating aircraft operation. Reference 1 details the operation
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and an evaluation method for pilot rating. Pilot rating, which con-
sists of operation workload (WL) and closed-loop performance, is
determined from the operator’s frequency response and a closed-
loop system. A handling qualities metric is proposed in Ref. 2. This
metric uses a structural model and agrees well with the experimen-
tal results. However, it is difficult to apply these handling qualities
analyses to flight controller design. References 3–7 define a flight
controller design using an eigenstructure assignment. Reference 8
incorporates CAP (control anticipation parameter)9 and a systematic
design method with modern control theory. These methods, though,
are based on open-loop analysis and cannot be applied easily to
advanced airplanes with complex dynamics.

This paper presents the results of manual control experiments with
several dynamics. For each experiment, the operator workload was
recorded and the operator’s actions were modeled. Then a controller
design method that guaranteed a low workload level was proposed
and a manual control experiment was conducted to validate the
proposed controller design.

Experiment
The manual control experiment involved having an operator track

a target on a monitor, as shown in Fig. 1. The block diagram is shown
in Fig. 2. The operator model contained two inputs and one output.
The output on the monitor from the plant was disturbed in order to
complete the two-block model fully. Sixteen controlled plants with
a wide variety of pole and zero position characteristics were selected
(Table 1). The marker position on the screen represented the plant
output. The marker moved vertically in proportion to y′

P . The target
moved vertically in proportion to r . The operator’s goal was to try
to maintain the target within the marker. The gear ratio was selected
arbitrarily by the operator. The reference input r was white noise fil-
tered with ω2

nr/(s
2 + 2ζrωnrs + ω2

nr), ωnr = 2 rad/s, ζr = 0.8, and dis-
turbance d was white noise filtered with ω2

nd/(s
2 + 2ζdωnds + ω2

nd),
ωnd = 3 rad/s, ζd = 0.25, as shown in Fig. 3. In these experi-
ments, the controlled dynamics was discretized at 50 Hz within
the PC. The value 1 of the signals corresponds to 9.5 cm in the
monitor.

Three operators were tested. Operator 1 was a 30-year-old male,
operator 2 was a 20-year-old male, and operator 3 was a 23-year-
old male. They were allowed to practice and select a suitable gear
ratio. Then the experiment was carried out for 50 s and the work-
load, r , u P , yP , and y′

P were recorded. To estimate the workload
precisely, benchmarks were established. The most difficult plant,
D, was fixed as workload level 5, the easiest plant, F, was fixed
as 1, and the middle plant, A, was fixed as 3. The operators de-
termined their workloads by referencing these benchmark plants.
The designated workloads for the plants, shown in Table 2, almost
agreed.
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Table 1 Controlled planta

Plant ωn ζ p1 p2 z1 z2

A 1 0.1
B 1 0.8
C 1 1.5
D 5 0.1
E 5 0.8
F 5 1.5
G 10 0.1
H 10 0.8
I 10 1.5
J 5 1.5 −5
K 5 1.5 −10
L 5 1.5 a1 a2
M 5 1.5 b1 b2
N 5 1.5 −5 −10
O 5 1.5 b1 b2 a1 a2
P 5 1.5 b1 b2 −5 −10

aa1 = −5 + 5i , a2 = −5 − 5i , b1 = −10 + 10i , b2 = −10 − 10i , A ∼ I:
ω2

n/(s
2 + 2ζωns + ω2

n), J, K: ω2
n/(s

2 + 2ζωns + ω2
n) × −p1/(s − p1),

L ∼ N: ω2
n/(s

2 + 2ζωns + ω2
n) × p1 p2/[(s − p1)(s − p2)], O, P: ω2

n/(s
2 +

2ζωns + ω2
n) × [(s − z1)(s − z2)]p1 p2/[(s − p1)(s − p2)]z1z2.

Table 2 Results (WL)

Plant 1 2 3 Plant 1 2 3

A 3 3 3 I 1 3 2
B 2 2 3 J 2 3 3
C 1 3 2 K 2 4 3
D 5 5 5 L 2 4 2
E 1 3 1 M 2 3 1
F 1 1 1 N 2 4 3
G 5 2 4 O 3 3 2
H 2 2 3 P 3 2 1

Fig. 1 Experimental apparatus.

Fig. 2 Block diagram of tracking experiment.

Fig. 3 Reference input and disturbance.

The following discrete model was proposed to identify the
operator:

y[i + n] + an − 1 y[i + n − 1] + · · · + a0 y[i]

= bmδ1[i + p] + · · · + b0δ1[i]

+ cpδ2[i + m] + · · · + c0δ2[i] (1)

Here, y[i] is the output from the operator model and δ1[i] and δ2[i]
are the inputs to the operator model. In general, the degree of model
n is determined from the complexity and desired accuracy. In this
research, a sufficiently high-order model was used to represent the
operator dynamics precisely. By trial and error, n = m = p = 5 were
selected. The least-squares method was used to identify the param-
eters in Eq. (1). This is a general tracking experiment. The operator
model is based on an existing identification method and there have
been several publications concerning operator models.10−13

Results
The frequency responses of operator models H1 and H2 for op-

erator 1 performing plants A, D, F, and K, the open-loop transfer
function Guy from u P to yP , and the closed-loop transfer function
Gry from r to yP are shown in Fig. 4. The operator’s goal is to make
Gry = 1. The frequency response of Gry coincides well with the wide
bandwidth of Guy , which agrees with the analysis of Ref. 1. At high
frequencies, the gain and phase of Gry decrease. This corresponds
to an operator who does not track the reference input well. Next,
the frequencies at which the operator reacts to the reference input
were investigated using the closed-loop bandwidth. The tracking
performance and closed-loop bandwidth, which was derived from
the operator model, are shown in Table 3. The tracking performance
is evaluated by using the following equation:

J = sup
0 ≤ ω ≤ ωP

|Gre( jω)| (2)

Here, Gre is a transfer function from r to e = r − yP and ωP is the
frequency with which the operator pays attention, which is set to
1.0 rad/s. If r = sin ω0t , where ω0 < ωP is input as a reference,
the output becomes yP = a0 sin(ω0t + φ0), and J < ε guarantees
1 − ε < a0 < 1 + ε and − cos−1 √

(1 − ε2) < φ0 < cos−1 √
(1 − ε2).

The proposed tracking performance index is a measure of gain and
phase error between the reference input and the plant output. The
bandwidth is defined as the frequencies where a gain of Gry becomes
smaller than −3 dB or the absolute value of the phase becomes larger
than 30 deg. Table 3 indicates that the operator attempts to make the
closed-loop bandwidth larger than 1 rad/s. This information justifies
Eq. (2), which assumes that the operator senses the reference input
at frequencies lower than 1 rad/s. Operators track the reference so
that J < 0.4, regardless of the workload. Neal and Smith defined an
operator model having a bandwidth of 3.5 rad/s (Ref. 1). Because

Table 3 Results (tracking performance and bandwidth)

Tracking performance Bandwidth rad/s

Plant 1 2 3 1 2 3

A 0.40 0.39 0.39 0 1.1 0
B 0.65 0.66 0.86 0.8 0.9 0.6
C 0.74 0.79 0.83 0.6 0.7 0.6
D 0.47 0.5 0.79 1.3 0.8 0.4
E 0.40 0.43 0.59 1.3 1.1 0.7
F 0.43 0.45 0.57 1.2 1.1 0.8
G 0.51 0.39 0.7 1.0 1.4 0.5
H 0.33 0.25 0.5 1.7 2.1 1.0
I 0.17 0.27 0.38 2.7 1.7 1.4
J 0.36 0.34 0.71 1.5 1.3 0.6
K 0.18 0.43 0.72 2.0 1.1 0.6
L 0.32 0.45 0.55 1.6 1.1 0.9
M 0.46 0.37 0.61 1.1 1.2 0.8
N 0.37 0.47 0.65 1.3 1.0 0.7
O 0.32 0.21 0.48 1.6 1.6 1.0
P 0.32 0.27 0.42 1.7 1.7 1.2
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Fig. 4 Frequency responses.

this research defined bandwidth using smaller phase, the results do
not conflict with Neal and Smith’s result.

Reference 1 shows the relationship between pilot rating and a
one-block operator model. The pilot rating contains closed-loop
performance and workload information, and so this operator model
contains some workload information. In this research, however, a
two-block operator model is used to model operator dynamics pre-
cisely. The controller design method, presented in the next section,
was developed to guarantee a low workload.

Controller Design Guaranteeing Workload
The following operation philosophy was derived from the opera-

tion experiment results. The operator is modeled as the solutions to

the following optimization problem:

minimize
H1,H2

WL s.t. J < εtol

εtol = 0.4 (3)

The analysis of experimental results shows that a well-motivated
operator can attain a certain tracking performance. Equation (3)
is a formulation of this conclusion. However, the operator model
that attains this certain tracking performance cannot be uniquely
determined. Therefore, it is assumed that the operator will choose
the smallest workload model in the solution set that attains the given
performance. It is also assumed that the operator is well trained.

The estimation of operation workload is not the focus of this
research. Instead, the controller design method that guarantees a
certain workload level is shown via that standard operator model. Let
the feedforward/feedback operator models be arbitrarily designated
as H1s and H2s . These are referred to as the standard operator model.
It is assumed that the operator model determines the workload level.
Let the workload level of given standard operator model be α, the
controlled plant be P , and the well-motivated and trained operator
models be H1 and H2. The theorem is derived in the next section.

Theorem 1: If

sup
0 ≤ ω ≤ ωP

∣
∣
∣
∣

1 − P(H1s + H2s)

1 − P H2s

∣
∣
∣
∣
< εtol (4)

is satisfied, the workload level of H1 and H2 is smaller than α.
Proof: It is clear from Gre = (1 − P(H1 + H2))/(1 − P H2) and

Eq. (3). �

When the controlled plant is designed to satisfy Eq. (4) for the
standard operator model, good tracking performance can be guar-
anteed with a smaller workload level than specified.

The desired plant dynamics can be obtained with an appropriate
controller. The controller design method that satisfies Eq. (4) is
shown in a closed-loop system in Fig. 5. In this figure, yH is the
plant output that the operator senses and yK is the plant output
that is input into the controller. The state-space representations of
controlled plant P , the standard operator model H1s and H2s , and
the weighting function W , which restricts bandwidth, are given as
follows.

Controlled plant P:

ẋP = AP xP + BP u P , yH = CP xP , yK = CP K xP

Standard operator model H1s :

ẋH1 = AH1xH1 + BH1r, u1 = CH1xH1 + DH1r

Standard operator model H2s :

ẋH2 = AH2xH2 + BH2 yH , u2 = CH2xH2 + DH2 yH

Weighting function W :

ẋW = AW xW + BW e, z = CW xW + DW e

The generalized plant is defined as follows.
Generalized plant:

ẋ = Ax + B1r + B2uK , z = C1x + D11r + D12uK

yK = C2x + D21r + D22uK

Fig. 5 Closed-loop system.
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Here,

x = [

x T
P x T

H1 x T
H2 x T

W

]T

A =







AP + BP DH2CP BP CH1 BP CH2 0

0 AH1 0 0

BH2CP 0 AH2 0

−BW CP 0 0 AW







B1 =







BP DH1

BH1

0

BW







, B2 =







BP

0

0

0







C1 = [−DW CP 0 0 CW ]

C2 = [CPK 0 0 0]

D11 = DW , D12 = 0, D21 = 0, D22 = 0

Let the transfer function from r to z be Grz . The weighting function
is selected so that W � 1 for a frequency of ω < ωP and |W | � 1
for a frequency of ω ≥ ωP . The controller design requirement that
satisfies Eq. (4) is as follows:

1) Find the controller uK = K (s)yK s.t. ‖Grz‖∞ < εtol.
The controller design that ensures a low workload level results in

H∞ suboptimal problems. The problem’s numerous design methods
are shown and the full-order controller can be obtained easily.

Design Example
Application to Manual Control Experiment

The design example detailed in this section exhibits the workload
level improvements. This example uses plant D, which resulted in
the worst workload level in the manual control experiment for the
standard operator model, and operator 1, the best workload level of
which was plant F. The operator model was defined as a second-order
model [n = m = p = 2 in Eq. (1)] to decrease the degree of the con-
troller. The weighting function is W (s) = 1/(s + 1) and CP K = I .
Thus, the controller that minimizes ‖Grz‖∞ can be obtained using
the method described in Ref. 14. The controller obtained in this
example is

K (s) = CK (s I − AK )−1 BK + DK

AK =












2.44 −11.39 −1.47 3.59 2.56 36.36 −8.07

3.68 −58.6 −14.32 −4.08 −0.85 −12.25 4.92

1.16 −15.76 −3.51 5.61 0.78 5.01 −1.1

−5.94 64.51 7.05 −86.45 −9.03 −67.08 24.52

−1.45 −27.65 −5.12 −11.12 13.96 86.55 13.46

10.61 12.66 0.34 −27.67 −16.86 −23.5 −26.96

30.03 −36.25 −7.4 −1.25 −26.76 32.47 −80.8













BK =













−35.4 48.5

109.41 −2.36

20.8 7.96

−45.55 −9.03

−77.6 136.71

−25.77 17.77

−45.18 99.86













CK = [−4.01 0.53 0.14 0.35 6.36 1.47 2.62]

DK = [0 0]

This controller attained ‖Grz‖∞ = 0.29 while satisfying design re-
quirement 1. The manual control experiment for plant D was then
carried out using the new controller. Operator 1 labeled the workload
level as level 1. The frequency responses of the operator model, the
operated plant, and the closed-loop system for plant D with the con-
troller and plants D and F without the controller are shown in Fig. 6.
As is evident in the figure, the operator model and the closed-loop
system for D with the new controller are similar to those for plant F
without the controller. This indicates that the operator controls plant
D with the controller in the same way as plant F. In addition, the
peak of the closed-loop gain also decreased when the new controller
is employed.

Fig. 6 Results (frequency responses).
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Fig. 7 MuPAL-α.

Fig. 8 Pilot-airplane.

Application to Airplane
The proposed method was then applied to flight controller de-

sign. The airplane used for this experiment is the Multi-Purpose
Aviation Laboratory (MuPAL-α) flying at an elevation of 5000 ft
with U0 = 66.5 m/s (Fig. 7). MuPAL-α has three control inputs for
longitudinal dynamics: elevator angle δe, direct lift control (DLC)
angle δDLC, and power lever deflection δt .

The following requirements must be satisfied: 1) good handling
qualities, 2) decreased pitch rate response to gust disturbance, and
3) robust stability to multiplicative input uncertainty.

The first requirement was satisfied by the proposed method and
the remaining requirements were satisfied by the H∞ controller. The
closed-loop schematic is shown in Fig. 8. In this design, dg is the
gust input, di is the output from the uncertainty, zg is the pitch rate,

and zi is the input to the uncertainty. First, the pitch command flight
control is considered. Let the reference input r be the pitch angle θ ,
the output to controller yK be θ , and the input to the feedback pilot
model be θ .

The resulting controlled plant and weighting function are as
follows:

ẋL = AL xL + Bdgdg + Bdi di + BL uL , yH = θ, yK = θ

AL =









−0.0162 0.172 −6.09 −9.76 0.466

−0.183 −1.09 64.5 −0.915 −4.94

0.00799 −0.0692 −1.90 0.00667 −4.25

0 0 1 0 0

0 0 0 0 −9.79









BL =









0 0.336 0.0193

0 −6.10 −0.00427

0 0.760 0.000488

0 0 0

6.86 0 0









BLdg =









−0.0162 0.172 0.0781

−0.183 −1.09 −0.828

0.00799 −0.0692 −0.943

0 0 0

0 0 0









Bdi = BL (5)

W (s) = 1

s + 1
(6)

Wd(s) = I (7)

xL = [u w q θ δe]T , dg = [ug wg qg]T

uL = [δec δDLCc δtc]T

The elevator dynamics are modeled as a first-order lag system. The
H∞ controller that minimizes the H∞ norm of the transfer function
from d̂ to ẑ is obtained. Here, d̂ = [r dg di ]T , ẑ = [z zg zi ]T .

The following standard pilot is selected:

H1s = K H1

TH1s + 1
, H2s = −H1s, K H1 = −3, TH1 = 1

This model is selected using the result of tracking experiments. In the
case of actual flight controller design, it must be selected carefully,
taking account of task, reference input, and other requirements.

The controller is

ẋK = AK xK + BK yK , uK = CK xK + DK yK

AK =
















−1.02 −1.97 −1.10 −3.82 0.0293 1.72 −1.17 −1.35

−0.0295 3.81 4.45 19.3 −0.114 4.06 −9.35 −3.97

0.135 0.659 −1.18 −2.69 0.0001 −5.08 6.82 4.53

0.627 0.694 0.354 −5.04 −0.0349 −12.5 16.6 10.5

0.0172 0.0073 0.0489 0.120 −0.0303 −0.185 0.454 0.0865

0.662 17.8 9.47 28.9 −0.327 −26.0 23.4 14.9

3.12 −73.8 −24.9 −94.3 0.351 43.5 −24.8 −14.6

−1.65 22.9 5.71 26.8 −0.0700 −3.51 −6.38 −32.6
















, BK =
















7.14

−30.6

−0.542

−7.67

−3.76

−92.1

256

−68.81
















CK =





0.156 −0.664 −0.0358 −0.326 −0.0207 −3.31 4.51 4.66

−0.0647 0.213 −0.0157 0.0308 0.0100 1.13 −1.41 −1.02

−0.00 0.0001 0.00 0.00 −0.0001 0.0007 −0.0009 −0.0004



 , DK =





0

0

0





The obtained controller attains ‖Trz‖∞ = 0.6086, ‖Tdzg‖∞ =
0.1841, and ‖Tdzi‖∞ = 1.4770. Here, Trz , Tdzg , and Tdzi are the
transfer functions from r to z, from dg to zg , and from di to zi ,
respectively. ‖Trz‖∞ = 1.2695, and ‖Tdzg‖∞ = 1.4770 are satisfied
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Fig. 9 Doublet responses.

Fig. 10 Gust responses.

for the open-loop system. Therefore, the handling qualities of the
controller improve and the response to gusts decreases.

Next, the time responses are investigated. Figure 9 shows the
responses to a doublet elevator command input. The controller was
designed so that pilot can track the pitch command without difficulty.
These responses verify the validity of the design. Figure 10 shows
the gust responses. The following gust parameters were used in this
example:

[t < π/ωnscl], ug = 0, wg = (Vm/2){1 − cos(ωnsclt)}
qg = −(Vmωnscl/2) sin(ωnsclt), [t ≥ π/ωnscl]

ug = 0 wg = Vm, qg = 0

Here, ωnscl is the closed-loop natural frequency, dg = [ug wg qg]T ,
and Vm = 4.3 m/s is the true air speed.

Because the frequency of gusts is equal to the short-period mode
frequency of the closed-loop system, the response becomes large.
However, the closed-loop system responses are smaller than those
for the open-loop system.

Conclusion
Manual tracking experiments were performed to define two-block

operator models. The two-block model anticipates an operator’s ac-
tions using feedback and feedforward processes. The purpose of
the controller was to achieve a low operator workload while attain-
ing high tracking performance. The obtained controller successfully
attained high closed-loop performance at an appropriate workload
level. Tracking experiments were then conducted with a controller
designed by the proposed method, and the results verified an overall
reduction in workload level. Next, the proposed method was applied
to a flight controller. The controller was successfully designed to
minimize the workload level of the pitch tracking operation while
reducing the gust response and stabilizing the aircraft relative to
plant uncertainty.
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