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Abstract— In this paper the command governor-based model
reference control architecture is developed and analyzed for
uncertain dynamical systems in the presence measurement noise
and actuator dynamics. Specifically, the command governor
is a dynamical system that adjusts the trajectory of a given
command in order to enable an uncertain system to be able to
follow an ideal reference system capturing a desired closedloop dynamical system behavior both in transient-time and
steady-state. In this paper, we present modifications to the
original command governor approach in order to increase its
robustness properties against measurement noise and actuator
dynamics. In particular, the modified architecture is shown
to retain closed-loop system stability and predictable transient
and steady-state performance. Illustrative numerical results are
found to verify the theoretical findings.

I. I NTRODUCTION
There are been many control architectures formulated in
order to control uncertain systems while achieving closedloop stability and guaranteed system performance. Robust
controllers rely on mathematical models that precisely capture uncertain parameter variations with lower and upper
bounds. Once a set of all possible uncertainties is established
a control law is created in order to maintain closed-loop
stability over the entire set [1]. However, characterization
of this set can be difficult in some applications [2], [3]
and, as a result, overly conservative sets are often used in
order to guarantee closed-loop system stability. On the other
hand, adaptive controllers do not require a set of all possible
uncertainties. Only knowledge of a parameterization of the
system uncertainty given by an unknown ideal weight matrix
and a known basis function is required to suppress the affects
of system uncertainties and failures [4]–[7]. This framework
has been shown to be effective for tracking the states (or
the outputs) of a given ideal reference system capturing a
desired closed-loop system behavior. Inherently, the adaptive
control law makes the overall closed-loop system nonlinear.
Therefore, it is difficult to compute relative gain and timedelay margins using linear system techniques and predict
transient and steady-state performance [8], [9].
The command governor-based model reference control
architecture was developed for the control of uncertain dynamical systems and has been shown to effectively suppress
system uncertainty through augmentation of the uncertain
dynamical system control input and the reference system
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control input [2], [10], [11]. Unlike traditional robust control
frameworks, only parameterization of the system uncertainty
given by unknown weights with known conservative bounds
is needed in order to stabilize the uncertain dynamical system
and achieve a guaranteed level of system performance. In
particular, the controlled uncertain dynamical system approximates a given ideal reference system if the command
governor design parameter is properly selected. Unlike robust
control architectures, the proposed control architecture’s performance is not dependent on the level of conservatism of the
bounds of system uncertainty. This approach is advantageous
over model reference adaptive control approaches since linearity of the uncertain dynamical system is preserved through
linear control laws and, hence, the closed-loop performance
is predictable for different command spectrums. In this paper,
we present modifications to the original command governor
approach in order to increase its robustness properties against
measurement noise and actuator dynamics. In particular,
the modified architecture is shown to retain closed-loop
system stability and predictable transient and steady-state
performance.
The paper is organized as follows. Section 2 outlines
notation and mathematical preliminaries used throughout the
paper and Section 3 summarizes the problem formulation and
the command governor-based MRC architecture. Framework
modifications in order to improve robustness with respect
to high frequency system content and address the issue of
actuator dynamics are presented in Sections 4 and 5, respectively. In Section 6 an illustrative example to demonstrate
the performance of the proposed architecture is presented.
Finally, conclusions are summarized in Section 7.
II. N OTATION AND M ATHEMATICAL P RELIMINARIES
The notation used in this paper is fairly standard. Specifically, R denotes the set of real numbers, Rn denotes the set of
n × 1 real column vectors, Rn×m denotes the set of n × m
real matrices, R+ (resp., R+ ) denotes the set of positive
(resp., nonnegative-definite) real numbers, Sn×n denotes the
set of n × n symmetric real matrices, Dn×n denotes the set
of n × n real matrices with diagonal scalar entries, 0n×m
denotes a n × m zero matrix, (·)T denotes transpose, (·)−1
denotes inverse, (·)+ denotes the Moore-Penrose generalized
inverse, “≡” denotes equivalency, “≈” denotes approximate
equality, and “,” denotes equality by definition, In denotes a
n × n identity matrix and wherever appropriate the subscript
n is removed for ease of exposition. In addition, we write
det(A) for the determinant of a Hermitian matrix A, s for the
Laplace variable, Gu→y (s, χ) for the transfer function from

input u(s) to output y(s) with dependence on parameter χ,
L(·) for the Laplace transform, σmax (A) for the maximum
singular value of a Hermitian matrix A, AL for the left
inverse, (AT A)+ AT , of A ∈ Rn×m , f (t) ∗ g(t) for the
convolution of functions f (t) and g(t), and k · kL1 and k · k1
for the L1 norm and the 1-norm of a matrix, respectively
[12], [13].
III. C OMMAND G OVERNOR -BASED M ODEL R EFERENCE
C ONTROL OVERVIEW

Remark 3.1. In the standard model reference (adaptive)
control formulation [4]–[6] there is no distinction between
the two reference systems (3) and (5) since, in that case,
the command governor signal cg (t) in (4) is equivalently
zero. The model reference formulation summarized here is
different since it is possible for the uncertain system to track
the ideal reference system (5) in both transient time and
steady-state by using a control formulation that utilizes the
reference system (3).
Let the feedback control law be given by

Consider a class of uncertain dynamical systems given by
ẋ(t) = Ax(t)+Bu(t)+Dφ(x, t), x(0) = x0 , t ∈ R+ , (1)
where x(t) ∈ Rn is the state vector available for feedback,
u(t) ∈ Rm is the control input restricted to the class of
admissible controls consisting of measurable functions, A ∈
Rn×n and D ∈ Rn×m are the known system matrices such
that the pair (A, D) is controllable and det(DT D) 6= 0,
B ∈ Rn×m is an unknown control input matrix, and φ :
Rn × R̄+ → Rm represents system uncertainty.
Assumption 3.1. The set of possible uncertainty in (1) is
given as
φ(·, ·) ∈ Φ , {φ : Rn × R̄+ → Rm : φ(0, ·) = 0,

u(t) = K1 x(t) + K2 c(t),
m×n

where K1 ∈ R
and K2 ∈ R
are the feedback and
the feedforward gains, respectively, such that Ar = A+DK1 ,
Br = DK2 , and det(K2 ) 6= 0 hold.
Next, let the command governor signal be
cg (t) , Gη(t),
G , K2−1 DL = K2−1 (DT D)−1 DT ,

= −λξ(t) + λe(t),

where w? ∈ R+ is a known (conservative) bound [14].
Equivalently, the set of possible uncertainty can be given
as

η(t)

=

where D ⊆ Rn is a known set of allowable system states.
Assumption 3.2. The unknown control input matrix in (1)
is parameterized as
B = DΛ,
(2)
∩ Dm×m is an unknown control effecwhere Λ ∈ Rm×m
+
tiveness matrix such that Λ?L ≤ kΛk1 ≤ Λ?U and Λ?L , Λ?U ∈
R+ are known (conservative) bounds. The nominal case is
recovered when Λ = Im .
Next, consider the reference system given by
ẋr (t) = Ar xr (t) + Br c(t),

xr (0) = xr0 ,

t ∈ R+ ,

(3)

c(t) , cd (t) + cg (t),

(4)

m

cd (t) ∈ R is a bounded tracking command (or cd (t) ≡ 0 for
stabilization), cg (t) ∈ Rm is the command governor signal
to be defined later, Ar ∈ Rn×n is the Hurwitz reference
system matrix, and Br ∈ Rn×m is the reference command
input matrix. We will also consider an ideal reference system
given as
ẋr (t) = Ar xr (t) + Br cd (t),

xr (0) = xr0 ,

t ∈ R+

(5)

that captures a desired closed-loop dynamical system response.

t ∈ R+ , (9)

ξ(0) = 0,

λξ(t) + (Ar − λIn )e(t),

(10)

where ξ(t) ∈ Rn is the command governor state vector and
λ ∈ R+ is the command governor rate. Using (6) in (1)
yields
ẋ(t)

= Ar x(t) + Br [cd (t) + cg (t)] + D[Λ − I]u(t)
+Dφ(x, t), x(0) = x0 , t ∈ R+ ,

(11)

and the system error dynamics are given by using e(t) ,
x(t) − xr (t), (3) and (11) as
ė(t)

Ar e(t) + D[Λ − I]u(t)

=

+Dφ(x, t), e(0) = e0 , t ∈ R+ ,

(12)

where e0 , x0 −xr0 . The problem can be reformulated into a
robust analysis framework to provide conditions for closedloop system stability by defining the following augmented
dynamical system using (3), (7) and (11) as
θ̇(t)

where xr (t) ∈ Rn is the reference state vector,

(8)

and η(t) ∈ Rn is the command governor output generated
by
˙
ξ(t)

φT (x, t)φ(x, t) ≤ w? xT x, x ∈ D, t ∈ R̄+ }

(7)

where G ∈ Rm×n is the matrix defined by

φT (x, t)φ(x, t) ≤ w? xT x, x ∈ Rn , t ∈ R̄+ }

φ(·, ·) ∈ Φ , {φ : D × R̄+ → Rm : φ(0, ·) = 0,

(6)

m×m

=

˜ d (t),
F̃ (λ)θ(t) + G̃δ(t) + Jc
T

(13)

y(t)

=

H̃(λ)θ(t) = [x(t), ū(t)] ,

(14)

δ(t)

=

[Λ − I]u(t) + φ(x, t),

(15)

where θ(t) = [x(t), xr (t), ξ(t)]T ∈ R3n is the augmented
system state, F̃ (λ) ∈ R3n×3n is the augmented system
matrix, G̃ ∈ R3n×m is the augmented uncertainty input
matrix, J˜ ∈ R3n×m is the augmented tracking command
input matrix, y(t) ∈ Rn is the system output, and H̃ ∈
R2n×3n is the augmented system output matrix.
The following results and remarks summarized the stability analysis of the command governor-based model reference
control framework. Figure 1 illustrates the system as a set
interconnected transfer function blocks.

Lemma 3.1. Let Λ ≡ I, φ(·, ·) ≡ 0 and cd (·) ≡ 0, then the
augmented dynamical system given by (13) is asymptotically
stable.
𝐺

𝑐𝑑 (𝑡)
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𝛿(𝑡)
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𝑐𝑔 (𝑡)

𝑥(𝑡)

ϕ(x, t)

𝐾2

𝐾1
Λ−I

kG̃δ→x (s, λ? )kL1 w? < 1 then the system is BIBO stable
when λ = λ? .
Theorem 3.2. Consider the uncertain dynamical system
given by (1) subject to Assumptions 3.1 and 3.2, the reference system given by (3), the feedback control law given
by (6), and the command governor given by (7)-(10). For
sufficiently large λ and t ∈ R+ , (1) approximates

𝐾2 𝑐𝑑 (𝑡)

Fig. 1.
Augmented System Represented as Interconnected Transfer
Functions Blocks

Lemma 3.2. Consider a transfer function defined by


λs
In − A (sIn − A)−1
(16)
G(s, λ) =
s+λ
where A is Hurwitz and let a(s) and b(s) be bounded continuous signals. If G(s, λ)a(s) = b(s), then a(t)+(t, λ) = b(t)
where (t, λ) is a bounded function and (t, λ) ≈ 0 and
b(t) ≈ a(t) when λ is sufficiently large and t ∈ R+ .
For the following results, Figure 1 is used to define the
closed-loop transfer function from the system uncertainty
δ(s) to the system state x(s) as G̃δ→x (s, λ) = Gδ→x (s) +
Gc→x (s)GGe→η (s, λ)Gδ→x (s) and to define the closed-loop
transfer function from the δ(s) to ū(s) as Gδ→ū (s, λ) =
K2 GGδ→η (s, λ) + K1 G̃δ→x (s, λ).
Lemma 3.3. Consider the uncertain dynamical system
given by (13)-(15) subject to Assumption 3.1 and Λ ≡ I.
If kG̃δ→x (s, λ? )kL1 w? < 1, then the system is BIBO stable
when λ = λ? .
Lemma 3.4. Consider the uncertain dynamical system
given by (13)-(15) subject to Assumption 3.1 and Λ ≡ I.
There always exist a λ? such that kG̃δ→x (s, λ? )kL1 w? < 1.
Remark 3.2. Closed-loop stability of the uncertain dynamical system is guaranteed by sufficiently increasing λ when
Λ ≡ I and φ(·, ·) 6≡ 0 for any φ(·, ·) ∈ Φ. Since it can be
shown that kG̃δ→x (s, λ? )kL1 ≈ 0 for sufficiently large λ.
Lemma 3.5. Consider the uncertain dynamical system
given by (13)-(15) subject to Assumption 3.2 and φ(·, ·) ≡ 0.
If kGδ→ū (s, λ? )kL1 kΛ − Ik1 < 1 then the system is BIBO
stable when λ = λ? .
Remark 3.3. Bounds for allowable Λ can be trivially
computed since it can be shown for sufficiently large λ that
Gδ→ū (s, λ) ≈ −I. Thus, kΛ − Ik1 < 1. Note, the case when
Λ = 0 does not satisfy this requirement. This is expected
since physically this corresponds to a case when all of the
system’s actuators are disabled.
Theorem 3.1. Consider the uncertain dynamical system
given by (13)-(15) subject to Assumptions 3.1 and 3.2,
Λ 6≡ I and φ(x, t) 6≡ 0. If kGδ→ū (s, λ? )kL1 kΛ − Ik1 +

ẋ(t)

=

Ar x(t) + Br cd (t),

(17)

z(t)

=

Cr x(t),

(18)

where Ar = A + BK1 is Hurwitz, Br = BK2 , Cr = In .
Remark 3.4. It has been shown that for a sufficiently
large command governor rate λ the system is stable for
any bounded uncertainty and behaves like the ideal reference
system (17) and (18).
IV. M EASUREMENT N OISE
It was shown in Theorem 3.2 for a large command governor rate, λ, the uncertain dynamical system (1) approximates
the ideal reference system (17). Still, a large command governor rate may lead to measurement noise amplification. This
section presents a modification to the command governorbased model reference control framework such that its output
η(t) is less sensitive to the high-frequency content such as
measurement noise when a large command governor rate is
chosen. For this propose, let the modified command c(t) be
given as
c(t) = cd (t) + Gηf (t),

(19)

where Gηf (t) is the modified command governor signal with
G ∈ Rm×n being the matrix defined by (8) and ηf (t) ∈ Rn
being the modified command governor output generated by
ξ˙f (t) = −λξf (t) + λef (t), ξf (0) = 0, t ∈ R+ , (20)
ηf (t)

= λξf (t) + (Ar − λIn )ef (t),

(21)

n

where ξf (t)∈R is the command governor state vector, λ ∈
R+ is the command governor rate and ef (t) is generated by
ėf (t) = −βef (t) + βe(t),

ef (0) = e(0),

t ∈ R̄+ , (22)

where β ∈ R+ .
Remark 4.1. The filter described by (22) is a simple
example of a possible low-pass filter. More elaborate filter
architectures can be selected to serve the same purpose. That
is, the filter selection is not unique. Nevertheless, as shown
later, filter selection changes the set of allowable Λ and φ(·, ·)
and overall transient time and steady-state system performance. The following analysis assumes the filter architecture
as presented in (22). However, other architectures can easily
be analyzed similarly.
The augmented system state vector can be modified to
included the modified command governor state and error as
θm (t) = [x(t), xr (t), ef (t), ξf (t)]T ∈ R4n .

(23)

The system matrices are now defined as G̃m =
[DT , 0m×3n ]T , J˜m = [BrT , BrT , 0m×2n ]T ,


In 0n×n 0n×n 0n×n
H̃m (λ) =
,
(24)
K1 0n×n DL Ār λDL



Ar

 0n×n
F̃m (λ) = 
 βIn
0n×n

0n×n
Ar
−βIn
0n×n


λBr G
λBr G 
,
0n×n 
−λIn

Br GĀr
Br GĀr
−βIn
λIn

(25)

Gδ→ū (s, λ) = K2 GGδ→ηf (s, λ) + K1 G̃δ→x (s, λ).

and Ār = Ar − λIn . The following result extends the result
in Lemma 3.1 to included the newly added filter.
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Modified Augmented System Represented as Transfer Functions

Lemma 4.1. Let Λ ≡ I, φ(·, ·) ≡ 0 and cd (·) ≡ 0, then
the modified augmented dynamical system given by (13),
θ(t) = θm (t), F̃ (λ) = F̃m (λ), G̃ = G̃m and J˜ = J˜m is
asymptotically stable.
For brevity the proof is omitted.
The modified system can be represented by interconnected
transfer function blocks as shown in Figure 2. The affect the
modification has on the set of allowable Λ and φ(·, ·) can
be seen by solving for x(t) from the closed-loop transfer
function G̃δ→x (s, λ) as
x(t)

L−1 [Gδ→x (s)δ(s)
−β
+Gc→x (s)G
Ār (s, λ)Dδ(s)]
s+β

=

(26)

λs
In −Ar )(sIn −Ar )−1 . For sufficiently
where Ār (s, λ) = ( s+λ
large λ,

x(t)

≈

L−1 [(sIn − Ar )−1 Dδ(s)
−1
−(sIn − Ar )−1 D s
δ(s)].
β +1

(27)

For illustrative purposes assume the filter given by (22) is an
ideal filter such that
−1
δ(jω) = jω
δ(jω), ω ≤ β
β +1
−1
0 = jω
δ(jω), ω > β.
β +1
Thus,
x(t) ≈

L−1 [(jωIn − Ar )−1 Dδ(jω)],

ω > β. (28)

In general, kG̃δ→x (s, λ)kL1 6≈ 0 for sufficiently large λ and
there does not exist a λ? such that kG̃δ→x (s, λ? )kL1 kw? <
1 for all w? . Thus, the set of allowable φ(·, ·) is limited.

(29)

For sufficiently large λ,
Gδ→ū (s, λ)

𝒢𝑒 𝑓 →𝜂 𝑓 (𝑠, 𝜆) 𝒢𝑒→𝑒 𝑓 (𝑠, 𝛽)

𝐺

Fig. 2.

The modified closed-loop transfer function from the system
uncertainty δ(s) to the ū(s) is given as

=

−1
+ K1 [(sIn − Ar )−1 D
+1
−1
−(sIn − Ar )−1 D s
].
(30)
β +1
s
β

Thus, for sufficiently large λ, kGδ→ū (s, λ)kL1 ≥ 1. The
bounds of allowable Λ given in remark 3.3 for the case when
Λ 6= I and φ(·, ·) = 0 may no longer be valid
Remark 4.2. Note that, for sufficiently large λ,
kG̃δ→x (s, λ)kL1 and kGδ→ū (s, λ)kL1 are determined by β,
the reference system and the system’s input matrix and not
by the system’s uncertainty. Thus, the set of allowable Λ and
φ(·, ·) can always be determined.
Theorem 4.1. Consider the modified uncertain dynamical
system given by (13)-(15), θ(t) = θm (t), F̃ = F̃m , G̃ =
G̃m , H̃ = H̃m and J˜ = J˜m subject to Assumptions 3.1 and
3.2, Λ 6≡ I and φ(x, t) 6≡ 0. If kGδ→ū (s, λ? )kL1 kΛ − Ik1 +
kG̃δ→x (s, λ? )kL1 w? < 1 then the system is BIBO stable
when λ = λ? .
Proof. This is a direct consequence of Theorem 3.1. 
Since the filter deteriorates the command governor ability
to suppress the system uncertainty signal, δ(t), the uncertain
dynamical system may not be able to approximate the ideal
reference system as previously shown in Theorem 3.2. Still,
as shown in the next result, the uncertain dynamical system
approximates the ideal reference system augmented with
the difference between the filtered and unfiltered command
governor output.
Lemma 4.2. Consider the modified uncertain dynamical
system given by (1) subject to Assumptions 3.1 and 3.2, the
reference system given by (3), the feedback control law given
by (6) and (19), and the command governor given by (20)(21). For sufficiently large λ and t ∈ R+ , (1) approximates
ẋ(t)

= Ar x(t) + Br cd (t) + ηf − η

(31)

z(t)

= Cr x(t),

(32)

where Ar = A + BK1 is Hurwitz, Br = BK2 , Cr = In .
For brevity the proof is omitted.
V. ACTUATOR DYNAMICS
While previously deriving stability conditions we have
neglected the affects of actuator dynamics on the system.
The proposed command governor architecture suppress the
affect of system uncertainty (Λ and φ(·, ·)) by augmenting
the input control signal with a command governor signal,
cg (t). As a result, an actuator’s input control signal may
contain high frequency content outside of the operating
bandwidth of the actuator. Actuator dynamics may inhibit the
command governor ability to suppress the affect of system
uncertainty due to actuator response time and bandwidth.
In this section, we analyze the affect of actuator dynamics

on the proposed model reference control architecture and
discuss a modification to the framework to address this issue.
Consider a class of uncertain dynamical systems given by
ẋ(t) = Ax(t) + D[ua (t) + φ(x, t)], x(0) = x0 , t ∈ R+ ,
(33)
where x(t) ∈ Rn is the state vector available for feedback, ua (t) ∈ Rm represents the effective control input
to the system, A ∈ Rn×n and D ∈ Rn×m are known
system matrices such that the pair (A, D) is controllable and
det(DT D) 6= 0, and φ : Rn × R̄+ → Rm is the system
uncertainty. Assumption 3.1 is assumed for this system as
well. Furthermore, consider a class of dynamical actuators
represented by
u̇a (t) = Λ[Aa ua (t) + Ba u(t)], ua (0) = ua0 , t ∈ R+ , (34)
where u(t) ∈ Rm is the control input restricted to the class
of admissible controls consisting of measurable functions
and given by (6), Aa ∈ Rm×m and Ba ∈ Rm×m are the
system matrices representing known actuator dynamics and
∩ Dm×m is an unknown control effectiveness
Λ ∈ Rm×m
+
matrix such that Λ?L ≤ kΛk1 ≤ Λ?U and Λ?L , Λ?U ∈ R are
known (conservative) bounds as discussed in Assumption
3.2. Using the feedback control input (6), the uncertain
dynamical system can be written as
ẋ(t)

=

Ar x(t) + Br [cd (t) + cg (t)]
+D[ua (t) − u(t) + φ(x, t)],

=

Ar x(t) + Br [cd (t) + cg (t)] + Dδ(t), (35)

and the system error dynamics are given as
ė(t)

= Ar e(t) + Dδ(t), e(0) = e0 , t ∈ R+ . (36)

Now consider a filter on the input of the system (6) such
that
Gu→uf (s)u(s) = uf (s).

(37)

and the following condition holds
k[Guf →uaf (s) − I]Gu→uf (s)kL1

< 1,

(38)

where Guf →uaf (s) represents the actuator dynamics given as
u̇af (t) = Λ[Aa uaf (t) + Ba uf (t)],

(39)

uf ∈ Rm is the filtered input, uaf (t) filtered effective control
input and u(t) is the control input given by (6). Intuitively,
the filter should be selected by considering the bandwidth of
the actuator. By limiting the bandwidth of the control input it
is ensure the difference between the filtered computed control
and filtered effective control input is limited. Notice that the
set of allowable Λ will be dependent on the input filter.
The class of uncertain dynamical systems (33) with input
filter (37) is given as
ẋ(t) = Ax(t) + D[uaf (t) + φ(x, t)]

(40)

and the reference system (3) with an input filter (37) is given
as
ẋr (t) = Axr (t) + Duf (t).

(41)

Finally, the error dynamics between the reference system and
the uncertain system are
ė(t) = Ae(t) + D[uaf (t) − uf (t) + φ(x, t)].

(42)

Conditions for closed-loop stability can be derived following a similar procedure as done Sections 3 and 4. However,
as seen before, results will diverge from results in Section 3
since the input filter inhibits the command governor ability
to suppress system uncertainty. The allowable set of Λ and
φ(·, ·) will be dependent on the selection of the input filter.
Lemma 5.1. Consider the modified linear uncertain dynamical system given by (40) subject to Assumption 3.1,
the reference system given by (41), the feedback control law
given by (6) and (37), the command governor given by (9)(10), actuator dynamics (39) and the input filter condition
(38). For sufficiently large λ, (40) approximates
ẋ(t)

= Ar x(t) + Br cd (t) + D[uf (t) − u(t)]

(43)

z(t)

= Cr x(t),

(44)

where Ar = A + BK1 is Hurwitz, Br = BK2 , Cr = In .
For brevity the proof is omitted.
VI. I LLUSTRATIVE N UMERICAL E XAMPLES
Consider a nonlinear uncertain dynamical system given as


 
0 1
0
ẋ(t) =
x(t) +
[Λu(t) + φ(x, t)],
0 0
1
where x(t) = [x1 (t) x2 (t)]T , x1 (0) = 0, x2 (0) = 0, and
the unknown system uncertainty is given as Λ = 0.9 and
φ(x, t) = 0.2(x21 + x22 ) + 0.3x1 x2 . The dynamical system
is known to operate in D = {x ∈ R2 : x1 ∈ (−8, 8), x2 ∈
(−1.5, 1.5)}. The ideal reference system is selected such that
the feedback control law (6) is given by K1 = [−0.2 −
0.8] and K2 = 1.1. Suppose for this system conservative
estimates of system uncertainty are given as w? = 3 (actual
bound is approximately 2.08), Λ?L = 0.6, and Λ?U = 1.4. In
addition, we consider actuator dynamics given by
u̇a (t) = Λ[−5ua (t) + 5u(t)],

ua (0) = 0,

t ∈ R+ . (45)

For this study ē(t) refers to the error vector between the
nonlinear uncertain dynamical system and the ideal reference
system (17).
Figure 3 shows kG̃δ→x (s, λ)kL1 and kGδ→u (s, λ? )kL1 as
functions of λ. As shown in Section 4, kGδ→x (s, λ)kL1 → 0
and kGδ→u (s, λ? )kL1 → 1 as λ → ∞. Figure 4 shows the
responses to a unity step of the ideal reference system and
the nonlinear uncertain dynamical system with no command
governor architecture implemented. The nonlinear uncertain
dynamical system is unstable.
25
When λ = 15 an input filter Gu→uf (s)u(s) = s+25
was
used. It was calculated that k[Guf →uaf (s) − I]Gu→uf (s)kL1 ≈
0.85. Thus, kGδ→ū (s, λ? )kL1 k[Guf →uaf (s)−I]Gu→uf (s)kL1 +
kG̃δ→x (s, λ? )kL1 w? ≈ 1.11 × 0.85 + 0.21 × 3 = 1.57.
Figure 5 shows the system response. Even though stability
conditions were not met the uncertain dynamical system
was able to track the ideal reference system well. Next the
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3

0.05
0
−0.05

0
−1

e1(t)

0.15

xr (t)

4

x1 (t),

kGδ→u (s, λ? )k L1

kk G̃δ→x (s, λ)k L1

5

−0.1
0

10

20

30

−0.15

40

0

10

t [sec]
1.2

10

λ

Fig. 3. kG̃δ→x (s, λ)kL1 (solid line) and
as functions of λ

kGδ→u (s, λ? )kL1

(dotted line)

30

40

30

40

4
x2(t)

1

2

x (t)
r

2

0.8

0

0.6

u(t)

10

1
3
10

2

xr2 (t)

1

x2 (t),

0
0
10

20

t [sec]

0.4

−4

0.2

−6

0
−0.2

−2

0

10

20

30

−8

40

0

10

t [sec]

5

20

t [sec]

x1 (t),

xr1 (t)

x1(t)
xr (t)

4

1

Fig. 5. System response and tracking error with command governor rate
25
λ = 15 and input filter Gu→uf (s)u(s) = s+25
for a unity step command.
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available input bandwidth are further restricted by using an
5
input filter of Gu→uf (s)u(s) = s+5
. Figure 6 shows the
system response. By comparing Figure 5 and Figure 6 it
is seen tracking error increases when the available input
bandwidth decreases.
VII. C ONCLUSION
We proposed modifications to the original command governor approach in order to increase its robustness properties against measurement noise and actuator dynamics. We
theoretically showed that our modified architecture retains
closed-loop system stability and achieves predictable performance both in transient-time and steady-state by approximating an ideal reference system augmented with a mismatch
term when the command governor rate is chosen judiciously.
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