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Abstract

Over the last few decades, multicopters have become significantly popular because of their various applica-
tions. However, multicopters suffer from poor endurance performance as compared to other aircraft configu-
rations with lifting surfaces. In this paper, a co-design approach for the multicopter structure and propulsive
system is presented with the objective of improving the energetic efficiency of the vehicle, while respecting
dynamic performance requirements. For this purpose, the approach uses a bi-level formulation to optimize
concurrently the design and the control. The methodology offers the possibility to activate or not a passive
fault tolerant strategy in the controller synthesis to be tolerant to single rotor failure. In contrast to conventional
design approaches that sequentially design each part, the co-design approach leads to a better optimal solu-
tion due to the consideration of the interactions and couplings between design and control. With the proposed
co-design approach, the results show the soundness of the proposed design methodology and a significant
reduction in the consumed energy compared to a reference non-optimal design, while maintaining the same
requirements in terms of dynamic performance.
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1. Introduction
Over the last few decades, multicopters have significantly become popular because of their various
applications partly because of their great maneuverability and ability to execute complex movements.
However, multicopters suffer from poor endurance performance as compared to other aircraft config-
urations with lifting surfaces [1].
The preliminary design of efficient and reliable engineering systems motivates the development of
methods allowing to take into account, very early in the design process, the performances and con-
straints of the different components that compose the system and the control system [2, 3].
For aerospace applications, emphasis is placed on safety and thus reliability is sought to be inte-
grated in the design optimization processes [4, 5, 6]. Moreover, total mass and energy consumption
are often criteria sought to be minimized in the design optimization of aerospace vehicles [7, 8].
Furthermore, for vehicles that have high dynamics, the control laws are sought to be integrated in the
design optimization process [7]. In the case of a multicopter, the subsystems such as the actuators
(motors and rotors), the energy storage system with batteries, the structure (in particular the arms)
are generally considered in the overall aircraft design process [9, 10, 11].
Co-design approaches that include the control laws in the design optimization process are available
in a limited number and generally address fixed-wing aircraft configurations [12] and not multicopters.
The integration of multiple disciplines complicates the implementation and resolution of the design
problem [13]. It can also introduce multidisciplinary couplings/interactions that must be solved for the
system to be consistent [13].

Co-design, also known as integrated plant and controller design, reduces the iterations of the tra-
ditional sequential approach because the constraints of each discipline are taken into account very
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early in the search for solutions, especially those related to control. Integrated plant and controller
design strategies can be classified into four classes [14], represented in figure 1.
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Figure 1 – Control and design optimization strategies

• Sequential: the plant design is optimized then the control design is optimized. The two distinct
tasks are treated sequentially. This is the conventional design in engineering applications.

• Iterative: same procedure as previously, except that the process is iterated several times.

• Bi-level (or Nested): in this approach two nested optimization loops are used.

• Simultaneous: plant and control design are optimized simultaneously.

Sequential and iterative approaches lead to a sub-optimal solution if cross terms exist as stated in
[14, 15, 16]. Simultaneous approach provides an optimal solution by integrating plant and control
system design in the same loop. However it can be hard to solve this problem numerically. An alter-
native would be to formulate the problem equivalently with a bi-level nested approach that employs
distributed optimization.

In this paper, a bi-level co-design approach for multicopters is proposed. The control laws is tuned
with a robust H∞ control strategy allowing the satisfaction of the dynamic performance requirements
of the vehicle. The design optimization of the vehicle is achieved using lightweight sizing models
that enable to vary the main design variables of the propellers, the electric motors, the structure and
the battery whilst respecting technological and performance constraints. The control and the design
optimization process are then assembled to form a co-design process using a bi-level strategy. The
process is fully implemented in Matlab and the plant model (multicopter) is used by both the control
law synthesis and the design optimization sub-processes. Furthermore, in the co-design process it
is possible to activate or not the possibility to include additional requirements on the faulty model to
synthesize a passive fault tolerant control.

To present this methodology, the paper is organized as follows. The sizing models of the multicopter
are given in section 2.. The general approach of the control strategy used in the co-design approach,
i.e. the structured H∞ synthesis where the tunable parameters are the position, attitude and velocity
control gains for controlling the multicopter is briefly describes in section 3.. The methodology and the
general optimization problems are presented in section 4.. The first optimization results are presented
in section 5.. Finally, section 6.offers concluding remarks.
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2. Sizing models
The vehicle studied is an eVTOL quadcopter with two fixed pitch propellers per arm leading to a
total of eight propellers. The structure is modeled as a central frame with composite alloy arms. The
propulsion system is composed of propellers, electric motors, power converters, cables and a battery.
An illustration is given in figure 2.

Figure 2 – Quadcopter

Sizing models are parametric models that predict the characteristics of a component or system ac-
cording to design variables. The main subsystems (motor, rotor, battery and arm) are designed
through six design variables : the size of the motor, the rotor radius, the pitch rotor, the battery size,
the arm length and the arm thickness, see figure 6. They are respectively stored in the vector of the
plant design variables (x∗p), see equation 1.

x∗p = [l∗mot ,r
∗
rot ,θ

∗
0,rot ,v

∗
bat , l

∗
arm,e

∗
arm] (1)

The stars ∗ notation refers to the normalized value (scaling law factor). For example l∗mot =
lmot

lmot,re f
is the

motor length of the new designed motor normalized by its reference. A part of these parameters is
estimated thanks to scaling laws. The scaling laws of each subsystem are expressed in table 1. The
motor scaling laws come from [17], those of other subsystems are from physical expressions.

Subsystems Design
variables xp

Parameters Estimation models

Motor l∗mot

Resistance R∗
mot = (l∗mot)

−1

Back EMF constant K∗
e,mot = (l∗mot)

2

Viscous friction K∗
d,mot = (l∗mot)

3

Moment of inertia J∗mot = (l∗mot)
5

Mass m∗
mot = (l∗mot)

3

Thermal resistance R∗
th,mot = (l∗mot)

−2

Thermal time constant τth,mot = τth,mot,re f

Rotor r∗rot , θ ∗
0,rot

Swept area S∗rot = (r∗rot)
2

Thrust coefficient ct0,rot = fct0,rot (θ
∗
0,rot)

Drag coefficient cq0,rot = fcq0,rot (θ
∗
0,rot)

Moment of inertia J∗rot = (r∗rot)
5

Mass m∗
rot = (r∗rot)

3

Battery v∗bat

Power Pbat = 5dE .
ucell,nom
ucell,max

v∗bat

Mass m∗
bat = v∗bat

Energy E∗
bat = dE .v∗bat

Arm l∗arm, e∗arm

Diameter d∗
arm = fd,arm(earm)

Inertia J∗arm = fJ,arm(earm, larm)
Mass m∗

arm = fm,arm(earm, larm)

Table 1 – Scaling laws
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3. Control structure
The structure of the control can be seen in figure 3. Position and attitude control are both composed of
three simple proportional controllers, one for each direction x,y,z and φ ,θ ,ψ respectively. The velocity
and angular rate controllers are both composed of three simple proportional integral controllers. The
controllers for the angular rates p,q are composed of two simple proportional controllers. Therefore
a total of 16 control gains must be tuned, see figure 6.
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Figure 3 – General structure of control for multicopter

Robust H∞ control is widely used to set the controller with a prescribed performance. Recent exten-
sions of H∞ control allow the computation of fixed-structure control systems [18]. In our application
of co-design, this control strategy is selected since it is particularly well suited for computing the
control gains by solving a non-smooth optimization problem subject to a variety of frequency-domain
requirements.
The H∞ fixed-structure control can also be used for the simultaneous co-design. The design variables
and control gains are then optimized with the same optimization, as realized in [19]. Nonetheless,
this optimization linearizes the model and cannot handle nonlinear constraints. Since the plant design
constraints are nonlinear time-domain constraints which cannot be taken into account as such, plant
design is performed through the outer optimization loop of the bi-level co-design strategy.
A strong advantage of the optimizer used is the ability to handle several models during the optimiza-
tion process. This allows synthesizing a passive Fault Tolerant Control by integrating models with
failure, e.g. single failure of any rotor as described in [20]. The model without failure must respect
specified handling qualities requirements. In the same way, the set of all the models with a single
rotor failure must respect specified requirements in degraded mode. Handling qualities requirements
are specified using pole placement and constraints on the output sensitivity function S( jω) defined
by the transfer function between the reference and the error. This function must be small at low fre-
quency to achieve good robustness and attenuation of disturbances. An example of requirements on
the output sensitivity function is shown in figure 4.

Figure 4 – Output sensitivity function requirement
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4. Co-design methodology
The structure of the control and plant design variables and the general workflow of the bi-level opti-
mization are shown in figure 5. The bi-level co-design optimization includes two different optimization
loops, used for their efficiency to solve the co-design problem. As stated in section 3., the choice of
using robust H∞ control leads to the need for a bi-level approach to include the vehicle design part.
Indeed, simultaneous co-design strategy using only the H∞ optimization capability was not compat-
ible with the integration of temporal response constraints as for example the maximum temperature
for the thermal response of the electric motor. Furthermore, H∞ optimizer will be less suited to solve
efficiently global optimization problem of plant design.

Control Multicopter

Control design Plant design

(a) Co-design structure

Plant design optimization 
 
 

Current design 
 
 
 
 
 
 
 
 
 

Simulate mission and evaluate
objective function

Control design optimization 

Generate optimal control from
current design

(b) Bi-level optimization

Figure 5 – Integrated plant and controller design: bi-level optimization

The two optimization loops are:

1. The system design optimization loop: the outer optimization loop is described by problem 2.
This optimization problem aims to minimize the energy consumed (or the total mass of the
multicopter) with respect to the design variables defined in table 1 under motor, rotor, battery
and arm constraints. This optimization optimizes the six plant design variables. This surrogate
optimization is best suited for global minimization because the objective function takes a long
time to evaluate since the nonlinear model of the multicopter must be fully simulated to evaluate
the energy consumed, which is time-consuming. Seven design constraints are considered. The
motor constraints include the maximum torque Tmot,max and the maximum temperature Θmot,max.
The rotor limitations include the maximum rotational speed ωrot,max and the maximum rotor ra-
dius. The first limitation is due to a limitation of the rotor tip speed. The second is a geometrical
limitation to avoid overlap, which imposes a relation between rotor radius and arm length. The
electrical source systems contains two different constraints. The last constraint is a structural
constraint. The energy-mass loop is solved using the Normalized Variable Hybrid (NVH) formu-
lation [21].

2. The control design optimization loop: the inner optimization loop is defined by problem 3.
The optimizer is well suited to tune the 16 control gains with H∞ requirements on the linearized
model in nominal case and models in degraded mode with rotor failures. The filter W1 is chosen
to reject output disturbances and the filter W2 to attenuate the high frequencies of the control
signal.

5



A BI-LEVEL CO-DESIGN APPROACH FOR MULTICOPTERS

minimize Emot (or mmc) 1

with respect to xp = [l∗mot ,r
∗
rot ,θ

∗
0,rot ,v

∗
bat , l

∗
arm,e

∗
arm] 6

subject to max
t, j

Tmot, j(t)−Tmot,max ≤ 0 1

max
t, j

Θmot, j(t)−Θmot,max ≤ 0 1

max
t, j

ωrot, j(t)−ωrot,max ≤ 0 1

rotor overlap constraint 1

electrical source constraints 2

structural constraint 1

(2)

minimize ∥Tw→z( jω)∥
∞
, ∀w ∈ {xd ,yd ,zd ,φd ,θd ,ψd} 1

with respect to xc = [kp,x,ki,x, ...] 16

subject to ∥W1S∥
∞
−1 ≤ 0 1

∥W2KS∥
∞
−1 ≤ 0 1

pole placement 6

(3)

The co-design structure, detailed in figure 6, is implemented and solved in Matlab.
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Flight mechanics
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Mass

Figure 6 – Detailed co-design structure

The full computation time of the co-design process is around 20 hours on a typical scientific comput-
ing laptop 1 and can drop to 16 hours on a High Performance Computing cluster 2 with no paralleliza-
tion.

5. Co-design results
5.1 Energy and mass minimization
Two co-design optimizations have been studied with different objectives. The first one concerns a
minimization of the consumed energy Emot , while the second one is a reduction of mass mmc. Both
results are presented in table 2. When the objective is to minimize the energy consumed, the latter is
significantly reduced by 37% compared to the reference, while the mass decreased by 10%. When
the objective is to minimize the mass of the multicopter, the optimized multicopter is lighter, the mass
decreases by 14%, but is less energy-efficient. The energy is only reduced by 14%.
The plant design variables in relative change are plotted in figure 7 for both objective functions. With
the exception of battery mass, the design parameters when mass is optimized, are smaller than those
found when energy is minimized. This seems logical since the optimizer tries to reduce the size of
each component as much as possible, when the objective is to decrease the total mass. However,

1Intel Core i7-6820HQ CPU @ 2.70GHz, RAM 16Go
22x Intel Xeon Gold 6126 CPU @ 2.66GHz, RAM 96Go

6



A BI-LEVEL CO-DESIGN APPROACH FOR MULTICOPTERS

minEmot minmmc

Energy consumed relative change [%] -37 -14
Total Mass relative change [%] -10 -14

Table 2 – Co-design optimization results

this solution consumes more energy. Therefore it requires more battery, so the reduction in battery
size is less important.

Design variables compared to the reference model
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Figure 7 – Design variables after optimization

The design constraints are represented on the figure 8. By convention, a negative or zero value
means that the constraint is satisfied. Hopefully, after the optimization, all constraints are satisfied.
The constraints at the border/edge of the feasible domain are rotor overlap, motor torque and electri-
cal source constraints.These constraints are limiting constraints. In other words, only the constraints
on rotor speed, motor temperature and structural constraint are not reached.
The distribution of the mass into five parts is shown in figure 9. The most important part is the un-
changing mass of components independent of the design variables. It includes for instance the frame,
the payload...and represents 57% of the total mass in the reference model and the relative change
(number between parentheses) is null for the two models after energy and mass optimizations. The
battery mass is more reduced for the design where energy is minimized (36%) than for the one where
mass is minimized (26%), as shown previously. When the energy consumed is minimized, the rotors
and arms masses are significantly increased, as opposed to the motor mass which decreases to
30%.
The motor power and energy during a standard mission for the three different models (reference,
optimized for energy reduction and optimized for mass reduction) are shown in figure 10. At the end
of the mission, as expected, the lowest motor energy is that of the model designed for minimizing
the energy consumed for this mission, the optimized multicopter allows an energy gain of 37%. This
configuration also corresponds to the lowest motor power.
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Plant design constraints (if c<0: respected)
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Figure 8 – Design constraints after optimization

(a) Reference model
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Figure 9 – Mass distribution and (relative change between parentheses)
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Figure 10 – Motor power and energy during a standard mission for three different models
For confidentiality reasons the value of power and energy are not shown

5.2 Passive Fault tolerant Control
Following the strategy of passive Fault tolerant Control introduced in Section 3, the co-design opti-
mization is carried out considering models with and without failure in order to meet the robustness
requirements of the control laws. The passive FTC is validated on the optimized vehicle in a faulty
situation. The multicopter is in hovering flight when the first rotor fails at three second of the sim-
ulation. Fig. 11 and Fig. 12 represent respectively the position and attitude of the multicopter and
the rotational speed of each rotor. This robust controller ensures stable behavior for any single rotor
failure. Indeed, the multicopter reaches a stabilized hovering flight within 10 seconds. In Fig. 12, the
rotational speed of rotor 1 falls to zero after the fault. To compensate the lack of thrust of the first
rotor, its opposite rotor (the 7th) is slowed down. The other rotors give a higher or at least the same
thrust in steady state after the fault event in order to offset the gravity.

Figure 11 – Position and attitude: structured H∞ synthesis
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Figure 12 – Motor speed: structured H∞ synthesis, rotor 1 fails
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6. Conclusions
In this paper, a co-design approach was proposed and applied to size an energy-efficient multicopter
robust to failure. The proposed method is based on a bi-level optimization with two loops, one for the
multicopter design parameters and one for the control gains tuned for the vehicle with or without fail-
ures. The bi-level strategy was necessary because the choice of robust H∞ control optimization alone
was not compatible with the integration of nonlinear temporal response constraints. This approach
relies on the ability to develop and assemble sizing models of the main multicopter components. In
this paper, sizing models are established using scaling laws, which is a very powerful tool for sizing
components from reference components during preliminary design phases. The first results have
shown a significant reduction in the consumed energy, which is the main objective, for the multicopter
in all conditions. Further work will be achieved to analyze the sizing for different flight phases and to
include the effect of a failure case in the sizing loop in addition to the failure cases already integrated
in the control loop. Also, the approach will be adapted to include additional dynamic performance
scenarios such as handling qualities. In addition, the capability to use parallelization on certain tasks
of the co-design process will be investigated to reduce further the computation times.
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