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Abstract. This paper presents a dynamic model for an Unmanned Aerial Vehicle of the quadrotor type, together with the
design of proportional controllers and based on the State-Dependent Riccati Equation (SDRE) to control the vehicle’s
velocities and to stabilize the attitude, respectively. The mathematical model is obtained by the Newtonian formalism con-
sidering the gyroscopic effect as disturbance input to the system, the translational and rotational dynamics are described
in the inertial frame. Different from most of the works in literature which only consider small-angles variation simpli-
fications, in this contribution the analysis is done considering the full nonlinear dynamic, which results in the coupling
of control inputs to the rotational system. The designed controllers are applied in two flight situations: rectilinear and
spiral trajectories, both with manually adjusted gains. The results show that relative error in the x-y-z final position are
approximately 0.1%, 0.07% and 0.22%, for the first trajectory, and 0.24%, 7% and 1.08% for the second trajectory, being
fory the exact error. In addition, the influence of the gyroscopic effect with position error of the order 10~°m was verified.
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1. INTRODUCTION

The interest in Unmanned Aerial Vehicles (UAVs) has intensified in recent years, due to their versatility and low cost,
which made them suitable for applications as the reduction of human exposure to long, monotonous and dangerous tasks,
as well as provide possible financial savings and environmental benefits (e.g. reduction of fuel consumption and less CO4
emissions) (MDIC (2017)). Its main applications in the civil and industrial fields are: firefighting; border monitoring;
detection of soil erosion and infrastructure defects; crop spraying; deliveries and in the film industry. Considering their
type, UAV platforms typically fall into one of the following four categories: fixed-wing; rotary-wing; blimps and flapping-
wings (Nonami et al. (2010)). The aircrafts classified in the second group, such as quadrotor and helicopter, have a set
of characteristics that make them more attractive when compared with other vehicles: they can hover at a certain altitude,
have a high degree of manoeuvrability and perform vertical take-off and landing,which allows indoor exploration and
irregular surfaces.

However, the mentioned advantages are offset by the difficulty in designing the control systems. This is due to the
fact that this vehicle is a sub-actuated mechanical system, i.e., it has six degrees of freedom, three position coordinates
(X, y, and z) and three orientation angles (¢, 6 and 1), and only four control inputs (speed of the four rotors). In addition,
they are highly nonlinear, affected by aerodynamic disturbances, and are subject to parametric uncertainties as well as
unmodeled dynamics (Lima et al. (2014)).

A quadrotor consists of four rotors, each fitted at one end of a cross-like structure. Each rotor consists of a propeller
fitted to a separately powered DC motor. Propellers 1 and 3 rotate in the same direction while propellers 2 and 4 rotate in
an opposite direction to reduce the gyroscopic effect (E1IKholy (2014)). By increasing or decreasing the speed of the four
propellers simultaneously, it is possible to vary its altitude. By maintaining the speeds of the propellers 1 and 3, and by
changing the speed of 2 and 4, a rotation about the x axis (roll moment) is generated, producing a movement along its y
axis. Considering the speeds of the propellers 2 and 4 constant and modifying the speed of 1 and 3, a rotation is obtained
around the y axis (pitch moment) and consequently the vehicle moves along its axis x. Finally, to perform a rotation about
the z axis (yaw moment), it is necessary to increase the speed of one of the pairs of propellers together with the reduction
of the speed of the other pair.

This paper presents the nonlinear dynamic model for a quadrotor using the Newtonian formalism without considering
the simplification of small angular variations commonly found in the literature. The hypotheses assumed in the modelling
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process are: the quadrotor is a rigid body and it has a symmetrical structure; the four motors are identical, as also are
the four propellers; the ground effect is neglected; the gyroscopic effect is considered and the thrust force and the drag
moment are proportional to the square of the propeller’s angular speed. As control strategy, the proposal presented in paper
Voos (2006) is adopted, where an outer-loop controller is associated to the translation velocities, for this aim proportional
controllers are used, and an inner control loop is related to attitude control, for this purpose the SDRE (State Dependent
Riccati Equation) controller is applied. This strategy becomes interesting for certain applications, in which the operator,
through a human-machine interface, obtains flexibility in the navigation of the platform and the robustness in the tracking
of the attitude. The simulations will show that although the nonlinear terms result in the behaviour more oscillatory of
Euler angulars , the adopted control strategy allowed to achieve satisfactory results for the desired flight paths. In addition,
a small influence of the gyroscopic effect in position error was verified. This result is justified by the fact that the motor
has a small moment of inertia, and therefore, it is possible to neglect it in these cases.

This paper is organized as follows. Dynamic model of the quadrotor section includes definitions that are used in
mathematical modelling and the equations that describe the dynamics of the quadrotor. Control System section highlights
the main points of the SDRE theory and the control methodology adopted. The simulations for two flight paths and the
influence of the gyroscopic effect are shown in Numerical Results section. Finally, the conclusions are presented.

2. DYNAMIC MODEL OF THE QUADROTOR

In order to elaborate the dynamic model, it is necessary to define two coordinate systems: the inertial referential system
(E), located at ground level, and the body system (B), whose origin coincides with the center of mass of the structure. A
representation of both is shown in Fig. 1.

Figure 1. Inertial referential (E) and body (B) coordinate systems.

The relationship between these systems occurs through three successive rotations along the axes, being represented
by Euler angles, where ¢ is the roll angle, 6 is the pitch angle, and 1) is the yaw angle. The rotation sequence can be
considered in any order, however the most commonly used in aeronautics is the sequence 3-2-1, also known as Z-Y-X (Da
Silva (2012)). The first rotation occurs around the Z g axis, expressed by an angle 1), resulting in an intermediate system
OX’Y’Z’. Subsequently, an angular displacement 6 is carried out around the Y’, generating the second intermediate
system OX’Y”Z” . Finally, by rotating the X" axis by an angle ¢, the parallelism between the two coordinate systems is
reached. Mathematically, these rotations are indicated as follows

¥) 0 cos(d) 0 —sin(6) 1 0 0
R(y) = |—sin(¢) cos(v) 0], R(f) = 0 1 0 , R(¢)= 10 cos(p) sin(¢)
1 sin(d) 0 cos(f) 0 —sin(¢) cos(¢)

The product of the three matrices, R(¢) R(6) R(1)), results in a matrix RZ that describes the vector projection of
the inertial reference system to the system connected to the rigid body. The matrix of RZ is orthogonal, this means that
(RE)~'=(RE)T, where the matrix (RZ)~! corresponds to the rotation matrix of the vectors from the coordinate system
of the body to the inertial coordinate one, represented by equation (1) where Sy, = sin(k) and Cy, = cos (k).

C@Cﬂ, S¢S@C¢ — C¢S¢ C¢Sac1p + S¢S¢,
(RE)™ = | CySy  S4SeSy + CyCy  CySySy — SsCy (1)
—S, CpSy CyCly

The angular velocity w of the quadrotor can be described in both systems, in the body referential and in the inertial
one, as shown in equations (2) and (3), respectively. Based on the rotation matrices, we can relate the components of
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the angular velocity of the rigid body (p, ¢, r) to the rates of variation of the Euler angles (¢, 0, ) from the versor
transformation in the inertial and intermediate systems to one of the body system,

w=pip+qjp+rks )
w = dhp + 67 + 43" ©)

where (% B> j B,I% p) are versors of the body coordinate system; (12: B j /,gﬂ) are versors corresponding to the Zg, Y’ and X"
axis, respectively. From this transformation, we arrive at the following relation (Mo and Farid (2019)):

¢; P 1 TQS¢ T90¢ D
0| =W lq| =0 Cs =S| |qf. @
¢ r 0 S¢/Ce C¢/Ce r

where Ty, = tan(k).
2.1 Translational and rotational dynamics

The main aerodynamic force responsible for the translational motion is the thrust originated from the rotation of the
propellers. Such force acts on the coordinate system of the body, perpendicular to the plane XY along the axis Z. The
contribution of each propeller results in the total thrust (7} ) represented by:

4 4
T,=> Ti=kp» Q7
i=1 i=1

where (; is the angular velocity of the respective propeller and k; is a proportionality constant. Applying the Newton’s
second law, the translational dynamic described in inertial frame is given by:

md=P+(RE)'0 0 T)" )
where P = [0 0 mg]T is the gravitational force, m; is the mass of the vehicle, g is gravitational acceleration: g =
9.81m/s? and  is the linear acceleration.

Three types of moments are considered acting on the quadrotor: one resulting of the application of thrust; drag one of
each propeller and gyroscopic one. Considering motors 1 and 3, located along the X axis, the moment resulting from the
respective forces is given by:

Mpiten, = T3L — TV L = kyL(Q3% — Q,?),

where L is distance between the center of mass and the axis of rotation of the motor. The same reasoning can be applied to
calculate the moments generated by the motors 2 and 4 along the Y axis, whose resultant one referring to the two forces,
is expressed by:

Moy = ToL — TyL = kyL(Q® — Q42).

The moment yaw is defined by the sum of the drag moment of each propeller (7;;). The direction of rotation of the
propeller defines the signal of the drag moment, a positive one is generated by a clockwise propeller rotation, a negative
one is generate when the rotation is counter clockwise:

4

4
Myaw - ZTMi(_]-)i - km 2912(_1)Za
i=1

i=1

where k,, is an aerodynamic constant. The gyroscopic moment is a physical effect that is associated with rotors’ inertia.
The axes of these motors (spin axes) are parallel to Z axis of the platform. When the quadrotor performs a roll or pitch
movement it changes the direction of the angular momentum vectors of the four motors. The result is a gyroscopic moment
that attempts to turn the spin axis so that it aligns with rotation around the Z axis (Derafa et al. (2006)). Quantitatively,
this moment can be described as

0 ql-Q,
Mg =w X 0 = | —pl.Q,|,
1,.Q, 0



A. C. F. De Oliveira, D. P. F. Correa and J. A. T. Altuna
Dynamic Modelling And Control Of Unmanned Aerial Vehicle Of The Quadrotor Type

where I, is the moment of rotor’s inertia and €2, propeller’s relative speed €2, = (=1 + Q2 — Q3 + Q4). Using the
Newton’s second law, the rotational dynamic is given by:

M:c Mroll
Io4+wx (Iw)=M= M| = |Mpien| — Mg, (6)
Mz Myaw

where M is the total torque and I is the inertia matrix of the structure. Based on the assumption that the quadrotor has
symmetric mass distribution, the matrix I becomes diagonal matrix (Chovancova et al. (2014)). From the Eq. (6), the
angular acceleration in the body system can be written as:

w=I"(M—-wx (Iw)). (7)
To represent it in the inertial reference system, one can derive the Eq. (4):
ol AWww)  dw)

Z-: @ a vetWe ®)

By replacing the forces and the rotation matrix in Eq. (5) and expanding the Eq. (8), we arrive in the equations that
describes dynamic of the quadrotor,

. 1
xr = g(c(ngCw + S¢Sw)Tb )
t
. 1
Yy = H(C¢S§S¢ — S¢C¢)Tb (10)
t
1
s L T 11
Z=-g+ o (CyCo)Ty, (11
b = a108 + a2 ) + azbi) + asb? + asih? + by Moo + baMpisen + b3 Myqq + 10 + coth + c36 (12)
6 = a0 + arediy + asbip + agh® + baMpisen + bs Myaw + cat) + 50 (13)
’& = alOéé + allxé'& + @129.'& + a13¢2 + b6Mpitch + b7Myaw + 661/) + 67(2.5 (14)

The coefficients a; and b; are related to the Euler angles and moment of inertia of the quadrotor while the coefficients
c; present the same dependence, in addition to the terms associated to gyroscopic effect. These coefficients can be seen in
work (De Oliveira (2019)).

The translational and rotational dynamics can be rewritten in the form of state space X = f(X,U), where U is
control input vector, whose inputs are designated by Uy = Ty; Us = Myoi; Us = Mpiten € Uy = Myqq, and X is the
state variables vector chosen as follows:

X=[z &y g 2 22 ¢ ¢ 0 0 ¢ 9
From Eq. (9) to (14), we have:

T

i‘l = T2
Zo = —t(cos(x7)sin(xg)cos(z11) + sin(zy)sin(z11)Uy

m

T3 = @4

1

Ty = —t(cos(m)sin(xg)sin(xu) — sin(z7)cos(x11)U;

m
j?s = Tg
. 1
6 = —g + —(cos(z7)cos(z9))Ur

mt
i‘7 = I8
. 2 2
Ty = a128T10 + G228T12 + A3T10T12 + 4Ty + a5T1y + b1Us + bo2Us + b3Uy + c1x10 + ca12 + 373
Tg = T10
T = ag 2, + byUs + bsU.
10 = GeTgx10 + a7x8T12 + A8T10%12 + A9x7y + 04Uz + 05Uy + c412 + C528

T11 = T12

. 2
T12 = a10T8T10 + A11T8T12 + A12T10T12 + G13%75 + bsUsz + brUs + cex12 + cras
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3. CONTROL SYSTEM

The control strategy is based on the cascade architecture shown in Fig. 2, where the SDRE controller is designed to
stabilize the attitude of the vehicle and the proportional controllers are applied to control the velocities in the x, y, and z
directions. In Figure 2, blocks C1 and C2 represent the SDRE and the proportional controllers, while blocks M1 and M2
represent the rotational and translational dynamics.

Pa

04

Pa
) 2 1 ) M1 ::f...dt N M2 :>f...dt —>

s t

Uyq

7

Figure 2. Division of the control system in SDRE and proportional controllers (Voos (2006)).

The idea of the strategy proposed is to relate to the variables that are correlated with the desired velocities x, y and
z in direction, i.e., desired roll and pitch angles (z74 and x94) and total thrust (U;), and the proportional controllers
U = k(&g — &), U2 = ka(Ya — 9) , U3 = k3(Zq — %). For this, each controllers will be associated associated to an
equation:

1
%(COS($7)Sin(Zg)COS(l’11) + sin(zr7)sin(z11)Ur = 41,
1 . . . .
%(cos(xﬁsm(xg)sm(xu) — sin(z7)cos(x11)U; = g,

1 ~
—g+ %(cos(:m)COS(I@J))Ul = us-.

It is important to highlight that there are three equations and four unknown variables, which makes it possible to adopt
a value for one of these variables, in this case, ¢, = 0. That means that the quadrotor is steered without yaw rotation
which is not necessary for achieving a desired velocity vector (Voos (2006)). Thus, we arrive at the following relations:

my (3 + g)
cos(x7q)cos(z9q)’

—lgcos(xgd)

U, = ) Tgq = arctan(=

T7q = arctan , .
" - Bt
Unlike in Voos (2006), the control strategy is realized without considering small-angles simplification.
3.1 State Dependent Riccati Equation (SDRE)

The SDRE methodology is based on the concept of extended linearization to deal with the optimal control problem
for nonlinear systems. Extended linearization, also known as SDC parameterization (Mracek and Cloutier (1998)), is a
procedure to represent a nonlinear system into a linear one which contains State-Dependent Coefficient (SDC) matrices
(Cimen (2008)). Thus, the equation described in the form of state space

x = f(x) + B(x)u
can be represented in the form:
x = A(x)x + B(x)u.

Among the 512 possible SDC parametrizations of the matrix A(x) for the rotational system (De Oliveira (2019)), we
choose the following factorization:

01 0 0 0 0 00 0 0
0 AL 0 Ay 0 As 0 B, By, Bs
00 0 1 0 0 00 0 0
A@) =10 4, 0 As 0 Ag B@) =y o B, B
00 0 0 0 1 00 0 0
0 A7 0 Ag 0 Ag 0 0 BG B7
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whose coefficients are:

AL = a1x10 + a2x12 + C3 Ay = ayx10 + €1
As = azxi0 + asTi2 + ¢ Ay = agxi0 + arxi2 + 5
As = agxi2 Ag = agx12 + C4
A7 = a10%10 + @11%12 + €7 Ag = a12%12
1
Ag = a13212 + ¢ By = —
I(E(lj
ToS ToC
B, = 22¢ By = -07¢
Iyy Izz
C -S
By= =22 By = ¢
Iyy Izz
S, C
Bg = —2¢ By = ¢
OOIyy CGIzz

It is important to point out that the different choices of A(x) create new possibilities to be tested in improvement the
controller performance, since for each option of A(x), a distinct solution is obtained for the controller (in this case, 511
suboptimal solutions and 1 optimal one). In addition, it must be verified for each parameterization that the controllability
of the system is not violated.

In this paper, SDRE controller is used to control the rotational dynamic in such that it occurs tracking of the desired
output vector (yq(t)), thus a performance index is proposed as follows

1

3e(t)ut) = 5 [ (" (OQEXIe() + T (RGOl (15)

where e(t) = ya(t) — C(x)x(t) and the state and input weighting matrices, Q(x) and R(x) respectively, are parameters
design that must satisfy requirements: Q(x) > 0 and R(x) > 0 Vz. From equation (15), the Hamiltonian of the
suboptimal control problem is given by:

H(z,u,A) = %[yd(t) ~C(x)z(t)]" Q(@)[ya(t) — C(x)z(t)] + %UT(t)R(w)U(t) +AT[A(@)2(t) + B(@)u(t)),

where A(t) is a Lagrangian multiplier vector. The minimization of the performance index is guaranteed through optimality
conditions:

OH oH oH .

o Tk =X 16

du ox T T ox .
and that the matrix R(x) is positive definite (Naidu (2002)). Expanding the optimality conditions and assuming that there
is a linear transformation between the state and the costate () represented by

A(t) = P(z)a(t) — s(t),

0;

we arrived at the following relations, as demonstrated in (Naidu (2002)):
P(x) = —P(x)A(z) — AT (z)P(x) + P(z)E(z)P(z) — V(x), P(x(t;)) =0 (17)
5(t) = [P(2) B(z) — AT (@))s(t) - W (@)yalt),  s(ty) =0, (18)

where E(x) = B(z)R '(z)B” (z), V(z) = C*(x)Q(x)C(z) and W (z) = C”(x)Q(x). It is important to
emphasize that the problem refers to the infinite horizon case (t; — o), so the solution of Eq. (17) converges to a
constant value of P, i.e., it becomes a solution of Riccati’s algebraic equation:

P(x)A(x) + AT(x)P(x) - P(x)E(x)P(x) + V(x) = 0 (19)

The vector differential equation, Eq. (18), must be solved by backward integration in time, using the boundary
condition. An approximation of this solution is shown in paper (Cimen (2007)), also applied in papers (Kuo and Wu
(2016)) and (Prach and Tekinalp (2013)), in which

s(t) ~ [P(2)E(x) — A(2)] " (W (2)ya(t)) (20)
Thus, the sub-optimal control can be written as
u(t) = —R™'(2)R" (2)A(t) = —K (2)z(t) + K (x)ya(t) 2D
being: K(x) = R™*(z)B” (z)P(x) and K, () = R ()BT [P(z)E(x) — AT (x)]"'W ().
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4. NUMERICAL RESULTS

According to the control strategy and the nonlinear dynamic model defined in the previous sections, the results of the
simulations are performed in Matlab®) for a quadrotor, whose parameters are shown in the Appendix. The numerical
integrator used is the fourth order Runge-Kutta with time step of 0.01s. The control strategy was tested in two trajectories:

e Movement in directions X, y and z simultaneously, with velocity: 0.1 m/s, 0.2 m/s and 0.3 m/s, respectively for 30
seconds and then stay at the position x =3 m,y=6 mand z=9 m.

e Spiral movement with 0.3 m/s of climb speed for 40 seconds. The vehicle must then remain in a circular motion for
10 seconds, without moving in the z direction.

4.1 Rectilinear trajectory

The design parameters of the control system are k1 = 7, ko = 10, ks = 5, Q = diag(40,1,20,1,20,1) and
R = diag(14, 30, 10). The results obtained are shown in Fig. 3.

Velocity in x Roll angle
0.2 T T T T T T T 0.4 T T T T T T T
T o f\ﬁ 1 B o2t | :
= 0 l‘f\ p———— T 0 Vr yh"'h
o 01 L ' 1 Il L L I 02 L L L 1 L 1 1
0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40
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B T il 1
E 02 f 1T & ﬂ\r f(
> L L L L L ! L L L L L 4 L hikas L
% 5 0 15 20 25 30 35 40 L 5 i s Rm 28 W s G0
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15 1
1____.___1.___?___T___.___f_"_.r__:
0 5 0 5 Ti;z(s, 25 30 35 0 )’{m) 5 x(m)
¢) Thrust performed by motors. d) Displacement of the vehicle in three-dimensional space.

Figure 3. Rectilinear trajectory.

The Figure 3 c) shows the behaviour of the thrust performed by the respective motors. After the velocity transitions,
U1 (total thrust) is the only control that operates in the system, whose module is exactly equal force weight. Therefore the
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thrust values converge to 1/4 of the force weight, i.e., 2.5261 N. The operating range is associated with maximum power
and motors shutdown. The first velocities transition generates an error during flight path, which is approximately 1 cm; 2
cm and -2 cm, in X, y and z, respectively. A three-dimensional view of the trajectory is shown in Fig. 3 d), with errors in

the final position being 0.3 cm, 0.4 cm, and 2 cm.

4.2 Spiral trajectory

The design parameters of the control system are kv = 7, ko = 10, ks = 8, Q = diag(20,1,40,1,20,1) and
R = diag(15,30,15). The result of the simulation obtained is shown in Fig 4. In the XY plane, the circular trajectory
executed by the quadrotor is parameterized as a function of time as follows,

t t
x = RCOS(W—), 71T—0

10 )

y = Rsin(

so, the reference velocities in the x and y directions are

3
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¢) Thrust performed by motors.
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d) Displacement of the vehicle in three-dimensional space.

Figure 4. Spiral trajectory.
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Note that the more accented amplitude of the roll angle, as shown in Fig. 4b), results in variations of velocities in
the y and z direction during the transient response (approximately 5 seconds), consequently there is an error in the final
position in X, y and z of 0.73 cm, 7 cm and 13 cm, respectively. This result can be justified by the coupling of the pitch
angle and total thrust with the roll angle, situation derived from the non-simplification of small angular variations. One
way to reduce the trajectory error is to increase gains ki, ko and k3. However, if matrices Q and R are kept constant,
there is still a wide range of values for the proportional controller gains that can be adjusted to achieve to reduce the error.
This gains are related to motor shutdown which occurs for £y = 17 or k3 = 16, thrust exceeds upper limit for k; = 13.
When one of the motors is turned off, the rotational dynamics of the system becomes uncontrollable.

Different from Fig. 3 c), the Fig. 4 ¢) shows a small variation of the thrust, of the order 103N after 5 seconds, since
the vehicle’s velocities x and y converge to the reference values, which now depend on time.

In order to determine the influence of the gyroscopic effect, represented by the coefficients ¢; (i = 1 to 7) in the
rotational dynamic, Eq. (12) to (14), this trajectory is again simulated under the same conditions as before, but now
neglecting this effect in the model.

The Fig. 5 shows that there is a small influence of the gyroscopic effect, with the magnitude of the position errors
within the order of 10~5m. The reason of this is due to the vehicle’s structure that naturally favors the reduction of this
effect, i.e., each pair of propellers spins in opposite directions, and each rotor has a small moment of inertia, of the order
10~%kg.m?2, which justifies this result.

10 & 1078 Influence of the gyroscopic effect
Ermror in x
— — — Emoriny
=== EMOINZ
5 — -

Error{m)
=

_5 L L L Il 1 L L 1 Il
0 5 10 15 20 25 30 35 40 45 50

Time(s)
Figure 5. Influence of the term gyroscopic effect.

5. CONCLUSION

In this paper the dynamic model for an Unmanned Aerial Vehicle of the quadrotor type and the design of SDRE and
proportional controllers were developed in order to stabilize the attitude of the platform and velocity control, respectively.
The analysis was made considering the full nonlinear dynamics, which means, no small-angular variation simplification,
thus a strong coupling in the rotational dynamics equations was achieved and dependency on control inputs was preserved.
The adopted control strategy was able to control the attitude and velocities of the quadrotor in order to reach the desired
flight paths: rectilinear and spiral trajectories. The process of adjusting the proportional controller gains and the weighting
matrices was made based on the analysis of simulations until an adequate solution was reached. It was verified a limit for
the gains k1, ko and k3 associated with the thrust operating range. Finally, a small influence of the gyroscopic effect in
the spiral trajectory was verified. This result is justified by the fact that the motor has a small moment of inertia (of the
order 10~5kg.m?), and therefore, it is possible to neglect it in these cases.
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7. APPENDIX

Table 1. Quadrotor’s Parameters (Da Silva (2012)).

Parameters Values Units
my 1.03 kg
L 0.26 m
. 16.83X1073 kg.m?
Iy, 16.38X1073 kg.m?
1., 28.34X1073 kg.m?
I, 5X10°° kg.m?
kg 1.4351X107°  N/(rad/s)?
o 2.4086X10~7 N.m/(rad/s)?
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