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Abstract

Hybrid electrical vehicles require additional cooling for electrical drives, power electronic
circuits and batteries. Usually these cooling loops are actuated electrically which offers the
possibility to implement new cooling strategies. In order to enhance the fuel efficiency of the
vehicle energy optimal cooling becomes important. A model predicive control scheme for the
cooling problem is presented which admits energy efficient cooling. It is a characteristic feature
of the proposed control scheme that it is based on simulation and optimization. Methods for
improving the prediction of future values of the external inputs have been abandoned at all in
order to keep the concept simple. A comparison with the global optimum solution of the cooling
problem confirms the remarkable performance of the proposed control strategy.

1 Introduction

The recent development in automotive industry is dominated by the reduction of fuel consump-
tion andCO, emissions of the vehicles. Hybrid electrical vehicles are regarded to gain essential
progress in coping with these requirements especially for the next few years. But the realization
of hybrid power train concepts also requires appropriate cooling of the electrical components
such as electrical drives, power electronic circuits or batteries. Thus the cooling problem be-
comes more involved. Usually additional cooling loops have to be implemented in order to
provide the required cooling which implies some significant differences compared to the con-
ventional cooling concept for a combustion engine. In the latter case the pump for the coolant
is usuallybelt drivenby the engine and the main goal is to keep the temperature of the engine
permanenthat a prescribed value. In the first case however the pump for the cooklatts-

cally drivenand the cooling must guarantee that the temperature of the object to be cooled does
not exceed @iven bound. These facts offer the possibility for introducing a concept that can
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be termedooling on demandr-urthermore sophisticated cooling management systems can be
developed noveuch that the energy used for the cooling task is as low as possible.

Although the amount of energy used for cooling is small compared to the energy used for
moving the vehicle a suitable cooling strategy can improve the overall fuel efficiency. A pro-
found rating of the performance of a cooling management system from the energetic point of
view requires the knowledge of the minimum energy required for a certain cooling task. For this
purpose a method for computing the energy optimal feed forward control of a cooling system
has been presented Kitanoski, F., and Hofer, A.,2010b. Based on these results a model pre-
dictive control (MPC) for the cooling problem is developed in this paper. Generally MPC (also
termed receding horizon control) is regarded as a powerful control strategy in the presence of
input constraints and/or state constraints (seeMagiejowski, J.M.,2002ndCamacho, E.F.,
and Bordons, C., 1999). Originally it was applicable to systems with slow dynamics only but
due to the enhanced computational power of actual hardware and better software support (see
e.g.Mattingley, J., et al., 2010) the scope for MPC implementations has been increased drasti-
cally.

The performance of any MPC scheme is essentially influenced by assumptions about the
future behavior of the external input signals. In the present application various sources to im-
prove the knowledge about the future driving requirements and conditions might be available
e.g. from GPS data. But one should keep in mind that the thermal load produced by the object
to be cooled is mainly determined by the energy management system of the hybrid electrical
vehicle. This fact makes the forecast problem for the cooling task more complicated. There-
fore the prediction problem is left aside in this contribution which has the beneficial effect that
the resulting MPC strategy becomes more simple. Simulations of the closed loop control sys-
tem reveal that energy efficient cooling can be obtained without any sophisticated prediction
techniques.

2 Mathematical Model of the Cooling System

For the presentation of the proposed control method a cooling system for an electrical drive in
a hybrid electrical vehicle is considered (see Fig. 1). It consists of an electrically driven pump,
which forces the coolant mass flawy through the cooling loop. The cooling of the fluid is
provided by a heat exchanger, where the air massrigwan be influenced by an electrically
actuated fan.

In order to derive a simple mathematical model fiuempedmasses are introducedy
denotes the mass of the electrical drilgy1 is the mass of the coolant in the pipe from the
electrical drive to the heat exchangkky- is the mass of the coolant from the heat exchanger
to the electrical driveMs denotes the mass of the mechanical structure of the heat exchanger
and M, is the mass of the air in the heat exchanger. The temperatures of these masses are
denoted byTy, Tw1, Tw2, Ts, Ta. The thermal behavior of the system is mainly determined by
theadjustablerotational speedse andng of the pump and the fan respectively and by the heat
rateQg produced by the operation of the electrical drive. Furthermore the cooling effect of the
heat exchanger is also influenced by the environmental tempefiataral the velocity of the
vehicle.

Assuming that the heat capacity, the density and the viscosity of the coolant fluid are con-
stant and neglecting the heat transfer between the pipes and the environment the following
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Figure 1: Cooling loop with two actuators

mathematical model can be derived:

dT )
CoyMm d—,'[vl = —aw1Aw1(Tm — Tw1) + Qe
dTy )
Cpw MWl% = aw1Aw1(Tv — Tw1 — Cpy (Tw1 — Tw2) M
dT .
Cpw 'Vlwzd—vtv2 = aw2Aw2(Ts — Tw2 + Cpy, (Tw1 — Tw2) M 1)
dTe
Cpsl\/lsd—,[S = —ow2Aw2(Ts— Tw2 + aaPa(Ta —Ts)
dT, )
CpAMAd_? = —GAAA(TA — Ts) — CpA(TA — TE)mA

The parametersy,, , Cp,, Cps, Cp, @re the heat capacities of the massesa@ngd aw., aa denote

heat transfer coefficients adgy1, Aw2, Aa are the according contact areas. It is important that
the heat transfer coefficients are depending on the mass flows which is taken into account in a
simplified way by the following affine relations:

aw1 (M) = awi, + ow1, My (2)
aw2(My) = awz, + Owz, My (3)
aa(ma) = aa, + aa,Ma (4)

Here awi,, w1, , Qwz,, Qwa,, Oa,, Oda,are appropriately chosen constants. Furthermore it is as-
sumed, that onlyn+ 1 distinct values can be selected for the rotational speeaf the pump.
Therefore neglecting the dynamics of the pump the coolant massrfjpvg considered to be a
piecewise constant time function taking omhy- 1 distinct values

w(t) = _iadi ) ©)

di(t) € {0,1} 'Z)di(t) =1 for allt. (6)
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Also the fan is assumed to operatenat 1 different stages only so that the air mass ftogvcan
be represented as

ma(t) = n Coj +C1jV(t)) €j(t) (7)
A J;( T ) ]

ej(t) € {0,1} ej(t) =1 forallt. (8)
j J_ZO j r

The constantsy,Coj,C1j have to be determined from the pump and fan characteristics. Note
thatmp also depends on the velociyof the vehicle.

For the development and the realization of the control strategy a time discretization of the
mathematical model is necessary. Since the thermal inertia of the air is much smaller than the
thermal inertia of the other parts in the cooling system, i.e.

cpaMa < cpmMum, CpwMw 1, CpwMw2, CpsMs,

model (1) is astiff system of differential equations which would limit the time step gire
drastically. Therefore the last differential equation in (1) is replaced by the algebraic equation

0= —GAAA(TA — Ts) — CpA (TA — TE)r'nA. (9)
With the definitions
Xxi=[Tw Tw1 Twz Ts]T &:=[x" Ta]'

the model can now be written as
MRS -3 A
©S [baj0) +Bj)E] & (10)
JZO j j ]

with constant matrice&o, Ay, ...,Am. The time dependent parametbgsbi o, ...,b1n,Bo,...,Bn
are determined by the external input functigds(t), Te(t),v(t). In Kitanoski, F., and Hofer,
A., 2010a suitable procedure for the time discretization of (10) is presented leading to:

m
[ XKOH } = ¢Ek+ho,k+i;(FiEk+ hi k) dj k
n
+ Gjrék+Tjk)ejx (11D
J;( j k) €

Here the notationv, := w(kAt) for the value of a time functiow(t) at the time instankAt is
used. Additionally the power required to operate the pump at siagienotedy; and the power
used for the fan at stageis q;.

Based on this mathematical description #reergy optimal cooling problemcan be for-
mulated: _
Given the initial stateg and the values of the external inp@g , Te k, vk for 0 <k <N (e.g. by
measurements from a test cycledsampling periods), determine the binary valued variables
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dixi=0,...,mandeji j =0,...,nfor 0 <k < N-—1 such thathe electrical energy used for
the operation of the pump and the fan

N—-1 m n
E=At idi « + i€ 12
k;) <|Zl Pid; k jzlqj J,k) (12)

IS minimized subject to the constraints

| Twik — Twok| < ATmax fork=1,....N (14)

whereTmax andATnax denote some prescribed bounds.

Thus the temperature of the electrical drive must not exceed a given bound. The reason for
the constraint (14) is mainly to avoid unrealistic solutions of the optimization problem. Note
that in (12) the assumptiopp = gp = 0 is posed, i.e. no power is required for stage O of the
pump and the fan respectively.

3 Model predictive control strategy

In Kitanoski, F., and Hofer, A., 2010ahas been shown, how the energy optimal cooling prob-
lem can be converted to a mixed integer linear program (MILP) using some standard techniques
from linear programmingVilliams, H.P., 1999. For this purpose global upper and lower bounds
for the products=iéx andG; kéx in (11) have to be determined. These bounds open the way to
replace the bilinear terms in (11) equivalently by sets of linear inequalities. Based on the - of
course - unrealistic assumption, that the external inQgtg Te i, vi for 0 <k < N are known in
advanceijt is possible to determine the global optimal solution. Although this approach cannot
be used for a real application in a cooling management system immediately it provides valuable
information to assess any cooling strategy from the energetic point of view.

In the sequel some results obtained for the cooling of the electrical drive in a parallel hybrid
sport utility vehicle will be summarized. The external inputs for the example were taken from
test bench measurements of a section of the New European Driving Cycle (NEDC). They are
shown in Fig. 2.

Due to the implemented energy management system of the hybrid vehicle the electrical
drive is mainly applied to boosting and energy recuperation. The following data were used for
the pump and the fan

pump: m=2 po=0,p; =80, pp=150 [W]
fan: n=2 qo=0,q;=250,q0 =550 [W]

and the constraints were chosen as
Tmax=50[°C] ATmax=10[C]. (15)
It is worth to note that starting from the initial condition
Xo=[30 295 29 2875]" (16)

we get maxy i ~ 485 [°C] if the pump and the fanlwaysoperate at theihighestlevels. In
this case the total amount of energy used for the cooling task within the period of 600 seconds
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Figure 2: External inputs from a section of NEDC

is given byE = 420[kJ]. However thesolution of the optimal cooling problem reveals that the
required cooling can be accomplished with minimum energy

E* = 148.8]kJ]. (17)

It should be mentioned that the solution of this MILP problem with 900 integer variables and
nearly 10000 continuous variables takes about 24 hours on a standard PC.

Now the development of a model predictive cooling control strategy is based on the follow-
ing assumptions:

e Ateach sampling instakit the statexy and the values of the external ian§7k,TE7k,vk
are known from measurements.

e Although there are many contributions dealing with the benefits of prediction in model
predictive control concepts for automotive applications (seekagsargyri, G.E. et al.,
20090r Van Keulen, T., et al., 2010) no such techniques should be incorporated in the
present case in order to keep the cooling strategy as simple as possible.

As a first step for the development of a control scheme an analysis of the steady state be-
havior of the continuous time model (1)-(8) for constant external inputs
Qe = 2500(W] forallt >0
Te=20[°C]forallt >0

and constant pump and fan stage selections is performed. The chosen valiepproxi-
mately corresponds to the mean valueQgf from the NEDC example if only values different
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Figure 3: Steady state valuesTf

from zero are taken into account. If &kternal inputs and the control inputs are constant the
equations (1)-(8) describe an asymptotically stable linear time-invariant system. Setting all
time derivatives in (1) to zero we can solve the resulting algebraic equations for the steady state
values ofTy, Tw1, Tw2, Ts, Ta. Since the cooling effect of the air mass flom also depends
on the velocityv this procedure has been carried out for different valueswithin the range
0 <v < 130[km/h] The results for the temperatufg are shown in Fig. 3.

Here for convenience the following notation for the control inputs

(of] e
di=1| d e=1| e
d3 €3

is used. Now it becomes obvious that the fan should be activated only at low speed of the
vehicle. Fig. 3 also reveals that the prescribed bound (15)yiowill cause severe problems
for the control strategy. Due to economical reasons the cooling system for the electrical drive
has been deliberately small sized in the present case.

Now based on the results shown in Fig. 3 it is reasonable to introduce a velocity dependent
termmaximum coolingvhich is defined as:

maximum cooling:

d=[0 0 1]" and

[0 0 1]7 if v<20 (18)
[0 1 0]T if 20<v<80

[1 0 0] if v>80

e
e
e
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On the other hand the terno active coolings obviously given by

no active cooling:

d=[1 0 0J]Tande=[1 0 O] (19)

If we remember the results from the classical fuel optimal control prolA¢mans, M., and
Falb, P.L., 1966where the optimal control is determined via the so-called dead zone function
(i.e. the optimal control is either zero or takes its maximum/minimum value) the significance
of maximum coolingandno active coolingor the cooling strategy to be determined becomes
evident.

The next investigation deals with the dynamic behavior of the temper&gurdt should
be figured out what is the increase Tyf in the worst case. For this purpose a pulse for the
external thermal load determined@g = 4000|W]| for 0 <t < 40 is considered which approx-
imately corresponds to the maximum load during the NEDC (see Fig. 2). The environmental
temperature is kept constant®t = 20 [°C]. Both the pump and the fan permanently operate
at the highest level, which has the consequence that the veloedg only a minor impact on
the temperatures. Starting from different initial conditions the simulation of the cooling system
reveals thafly increases about 18C]| in the worst case. This observation gives the advice to
augment the cooling strategy in the following way: Choosafaty gap

s~ 15[°C|

and try to keep the temperatufg below Tyax— S during periods in which no or only minor
cooling is required. In doing so the cooling system can cope with the hard BUROTmax
during worst case thermal loads.

Now we are ready to formulate the proposed model predictive cooling strategy based on an
appropriately chosen receding horizonRodampling instants. The concept contains two major
mathematical modules, which are carried out starting from the available information about the
actual state and the actual values of the external inpQtsk, Te k, Vk:

e simulation of the discrete time model (11) with fixed control inpugximum coolingr
no active coolingor the receding horizoR

e solution of the (small size) mixed integer linear programming problem for energy optimal
cooling during the receding horizdh

It is a common feature of both modules that the external m@gt@ Te k. Vk are considered
to beconstantduring the receding horizon. As it has been already mentioned above it might
be possible to improve the control scheme applying some method to forecast the external in-
puts. The results produced by the simulation module are checked for the prescribed constraints
(13,14) and the quantities

ATM,i - TM./i —Tmax fOI’ | = 1, . 7F)
are determined. The solution is termed "OK" if the conditions
maxATy; <0
| :

| Twai — Twa,| < ATmax fori=1,...,P
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Figure 4. Model predictive control strategy

are satisfied. The optimization module uses a dynamically adapig@tdTg instead ofTyax to

limit the temperaturdy,. This feature has proven to be useful in order to maintain the safety gap
and to guarantee feasible solutions of the optimization problem in any case. The result of the
optimization module is given by an optimal sequence for the control inputs which are collected
in a vector for notational convenience

Ui := { di } fori=0,...,P—1.
S

Only the first elementig of this sequence is applied as control input to the plant at the current
sampling instant.

Now the model predictive cooling control concept can be summarized as follows:
Given the state, and the values of the external inp@g i, Te k, Vk at the actual time instaht=
kAt perform the computations depicted in the flow chart shown in Fig. 4. Apply the determined
control input to the plant until the next sampling instant.
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Remarks:

The proposed strategy differs significantly from conventionatiel predictive control schemes
where a certain optimization problem is solve@athsampling instant. In these cases stability

of the closed loop system can be enforced by an appropriate choice of the objective functional or
by suitable terminal constraints (see évtaciejowski, J.M.,2002ylayne, D.Q., et al., 2000). In

the present case the main demand is to keep the tempefgtlneow a prescribed bound with

a minimum amount of energy. The proposed concept is build up by a mixture of simulation
and optimization steps and the objective used in the optimization is only determined by the
control input. No state information is included and also terminal constraints are not applicable.
As a consequence a rigorous proof of stability cannot be provided. Of course this is a severe
shortcoming from the theoretical point of view but keeping in mind the practical aspects one
can get over this drawback especially if the slow dynamics of the plant is considered.

4 Numerical Results

In order to demonstrate the performance of the proposed model predictive cooling strategy
a simulation of the closed loop cooling system with the external inputs shown in Fig. 2 is
performed. The sampling peridd for the controller and the horizddare chosen as

At =4s] (20)
P=5 (21)

This choice for the MPC horizon is motivated by the dynamic properties of the plant and the fact
that no prediction method for the external inputs is included in the control concept. Furthermore
the size of the resulting optimization problem should be small in order to keep the required CPU
time modest. With the initial conditions (16) the behavior of the closed loop control system is
shown in Fig. 5.

A minor violation of the constraint posed dg can be detected in Fig. 5 but considering the
uncertainty of the model this fact has no real impact from the practical point of view. The sec-
ond diagram in Fig. 5 confirms that the constraint (14) is also met by the solution. Remember
that this constraint was primarily introduced to obtain reasonable solutions of the energy opti-
mal feed forward control problem. Obviously it has less importance for the model predictive
control. The pump and fan stage selection resulting from the model predictive control scheme
IS presented in figure 6.

The energy consumption of the model predictive control in this scenario is

E = 185.12[kJ]

which is quite satisfactory compared to the optimum védtie= 148.8[kJ]. Once again it must
be emphasized that the optimum value is obtained using the knowledge of the external inputs
over the total time interval of interest in advance.

Finally some remarks about the implementation of the proposed MPC scheme are appro-
priate. The sampling period (20) is large enough such that standard ECU hardware used in
automotive applications seems to be adequate. This is definitely true for the simulation mod-
ule of the control strategy. However the optimization module requires the solution of a mixed
integer linear program. The number of integer variables which is crucial for the required CPU
time is 30 for the chosen optimization horizon. In the actual optimization problem the integer
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Figure 6: Pump and fan stage selection of model predictive control
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variables are the componentsdyfande and the equations (6), (8) imply that at each sampling
instant eactly one component has to take the value 1. Therefore these vectors can be treated
as so-called special ordered sets of type 1 (see e.g.Beale, M.L., Forrest, J.J.H, 1971. Standard
solvers for mixed integer linear programs, for example CPUBX Corp., 2009can exploit

special ordered sets to accelerate the solution process. Furthermore it is also important that
this mixed integer linear program always hakrmwnfeasible solution. Experiments with a
standard PC hardware and the solver CPLEX have shown that the optimization module typi-
cally requires CPU times of about®to 1 seconds. This might seem unduly long but the CPU
time can be further reduced essentially if the solver is not forced to determine the optimal solu-
tion and instead suboptimal solutions (with a prescribed suboptimality level) are accepted. Of
course a reduction of the horizon will lead to a smaller optimization problem and consequently
to shorter CPU times as well.

5 Conclusion

A model predictive control strategy for the cooling of an electrical drive in a hybrid electrical
vehicle has been presented. It can be regarded as a first step towards an energy efficient cooling
on demand concept. Since in some situations the controller requires the solution of a mixed
integer linear program a powerful hardware and a state of the art solver software are indispens-
able prerequisites for the implementation. Typically the MILP has to be solved at about 20
percent of all sampling instants. Therefore future investigations will aim at the question how to
eliminate the optimization module from the concept at all.
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Cost Oriented Humanoid Robot Archie
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Abstract-Robotics can be regarded as a typical and representative part of Mechatronic, as a
cutting edge technology in this rapidly expanding research field. Hence on the tree of robotic
life, humanlike robots play a particularly valuable role.

This Paper deals with design of cost oriented teen sized humanoid robot Archie. It describes the
mechanical and electrical components and how action commands are transmitted from PC to
motion controller which controls each motor in joint via universal serial bus (USB) to Control
Area Network (CAN) bus converter. The mechanical structure has the following features: teen
sized, light weight, low power consumption, low cost.

The teen sized humanoid robot Archie is in development as a collaboration of Vienna University
of Technology, University of Manitoba in Canada and National Kaoshiung First University for
Science and Technology in Taiwan. Main goal is to develop a cost oriented autonomous
humanoid robot to assist human in daily life tasks.

1 Introduction

Humanoid robots have been attracting great attention among robotic scientists since 1973 when
the first full-scale anthropomorphic robot was built (www.inlportal.inl.gov, 2011). From the
early simple design, humanoid robots have improved rapidly to imitate the human behavior due
to progress in material sciences, electric motors, sensors and computer science. These
improvements have led to design more autonomous anthropomorphic robots. In addition to
walking, these humanoid robots can exhibit emotion, forge relationships, make decisions, and
develop as they learn through interaction with the environment. In fact the final goal of these
projects is to build the human-like robot to interact with people.

However, many humanoid robots was designed and constructed in well-founded companies and
research labs due to the requirement of complicated and expensive devices. In order to build a
cost-oriented humanoid robot, many researchers have been done in these years. These new
generation of humanoid robots have been used in different international competition in all over
the world. These competitions cause a great progress in this field because they provide good
conditions to compare the robots in real-world environment. This progress help researchers to
design more adaptive and flexible humanoid robot in different situation to reach final goal that
would be the interaction with human.

Furthermore, humanoid robot is a complex system that combine diversified disciplinary such as
mechanics, electronics, control, computer programming, artificial intelligence, etc. first of all the
mechanical design of robot should be designed such that the robot would be robust enough to
perform different tasks. After that the electric actuator is designed and installed in each joints to
produce enough force to move different links of robot. Finally the important part is to design a
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high level control system to send commands through connections for electric devices to activate
them. The final part of the robot has the most sophisticated design among other sections that
plays role of brain in robot.

This paper introduces the design of cost oriented teen sized humanoid robot Archie. It describes
the mechanical and electrical components and how action commands are transmitted from PC to
motion controller which controls each motor in joint via universal serial bus (USB) to Control
Area Network (CAN) bus converter. The control system used in Archie is based on distributed
star bus architecture. In this composition, each single joint is controlled separately by a motion
controller which receives low level movement and status commands from a PC (Dezfouli, 2011).

2 Mechanical design

In order to design a mechanical system for a humanoid robot, a complex and careful compromise
between different factors such as form, function, weight, cost and manufacturability is required.
The mechanical structure of Archie is designed and built with aluminum material such that in
addition to rigidity, its weight remains less than 30 Kg. Based on this design the height of robot
is about 1.2m. The mechanical structure is considered to be fundamentally comprises of human
size, low weight, low power consumption, low cost and uniquely mimic to a human physical
body as illustrated in Fig. 1.

Power Switch

1200mm
converter .

Figure 1: Archie mechanical design and structure

Furthermore, we choose gears and harmonic drives within design parameter such as space,
shape, permissible power, weight and etc. For actuator a combination of brushless and servo DC
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motor is used based on the joint circumstances. For communication, CAN bus network is
selected and implemented in Archie to send the commands quickly from motion controller to
joints. A high level motion controller that runs in a laptop is designed to create appropriate
desired command for each joint to guarantee the stability of dynamic walking. Each joint has
additionally its own control system that includes a PID controller and encoder. Finally two 14.4
volts batteries generate the required energy for electric motors.

Neck
(2DOF)

Left
Shoulder
(3DOF)

Right
Shoulder
(3DOF)

Right Elbow

Left Elbow
(1DOF)

(1DOF)

Left Wrist Right Wrist
(2DOF) (2DOF)
Left Hip Torso Right Hip
(3DOF) (1DOF) (3DOF)

Left Knee Right Knee
(1DOF) (1DOF)

Left Ankle Right Ankle
(PO (2DOF)
Left Toe Right Toe
(1DOF) (1DOF)

Figure 2: Schematic kinematic design of Archie
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As depicted in Fig.2, Archie has totally 29 degree of freedom (DOF). These are 7 DOF in each
leg. The torso also has two DOF to make it able to rotate the upper body. The other 13 DOF is
related to upper body; six DOF for each hand and two DOF for the neck. The 3 DOF joint -i.e.
spherical joint- in shoulder give enough capability to hand to move in space in each desired
position. The aforementioned kinematics make the Archie capable to perform dynamic walking
smoothly while do other tasks with upper body. One of the most outstanding characteristic of
Archie is that it has ability to actuate its toes, which allow it to roll over the foot during walking.

3 Electrical design

As it is mentioned before, there are two different motors that are used in Archie to actuate the
joints; brushless motor and DC servo motor. The brushless motor has some advantages such as
high efficiency and less noise that make it clearly as an unavoidable choice for humanoid robot.
Although the control scheme of brushless motor is a bit complex, it allows to fine control of
joint. This factor is essential especially for those joints of robot that play role for walking.
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Figure 3: Upper body cable map connection
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On the other hand, the brushless motors are more expensive especially for those that create great
torque. Therefore we used DC servo motor for some joints that need more torque such as in
torso.

Figure 3 and 4 illustrate the connection and performance of implemented distributed controller of
Archie for upper and lower body, respectively. Upper body of Archie is included motion
controller to control motor drives in hip and torso, data converter, power switch, and encoders.
These components are connected via specific cables due to their task. Each motor is connected
by encoder, power and communication cables to motion controller. In order to control of a
humanoid robot that has a complex and coupled kinematics and dynamics, a complicated control
scheme is needed. The proposed controller for Archie is based on the distributed control strategy.
In this method, every joint has its own control that controls the position and velocity of it. In
order to achieve this goal, the digital servo motor drive so called Whistle is used.
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Figure 4: Lower body cable map connection
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Cable connections between electrical components are similar to upper body, in this connection
each single motor is connected to its own motor drive and PCB (Printed Circuit Board). The
Whistle is a series of intelligent miniature digital servo drives for DC brush and brushless
motors, linear motors and voice coils. Otherwise, another high level control that implemented by
laptop send the desired command to each joint controller to confirm stability of robot in walking.

4 Communication design

For the communication in our robot action commands are sent from PC to USB-CAN converter.
The aim of using such a communicator in our robot is that it provides the error process
mechanisms and message priority concepts. On the other hand it can transmit messages in real-
time; meaning that the message with the highest priority will be delivered within a guaranteed
latency time.

USB cable

Converter

DC motor. motion  Brushless motor. DC motor. motion
controller & motion controller controller &
PCB board & PCB board PCB board

Figure 5: Communication architecture

The Controller Area Network is a serial bus communication protocol, which efficiently supports
distributed real-time control with a very high level of security. CAN communicator which is
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used in Archie is ideally suited in applications requiring a large number of short messages with
high reliability in rugged operating environments.

Because CAN is message based and not address based, it is especially well suited when data is
needed by more than one location and system-wide data consistency is mandatory. The CAN
system we implemented uses two wires in its cable, one for a dominant state and one for a
recessive state. These messages transmitted to motion controller by CAN cables to set up and
control the joints and activate the motor drivers for robot motion (see Fig. 5).

5 Motor Drivers

Motion controller is a world leader in the development and manufacture of advanced technology
in motion control that includes ultra-compact, high power density digital servo drives and
innovative network motion controllers.

Motion controller servo drives combine high power density, intelligent functionality and space-
friendly design. The drives integrate motion controllers advanced, which enables superior control
performance, offers advanced programming capabilities and supports standard communication
protocols. All the drives in the series include a fully digital motion controller that features
current, velocity and position loops and a wide range of commutation types and position
feedbacks.

Figure 6: Motion controller mounted on a PCB and connected to
brushless motor inside the joint

The type of motion controller we used is a series of intelligent miniature digital servo drives for
the current DC and brushless motors of Archie. The matchbox-sized servo drive weighs only 1.8
0z (50 g) and supports up to 20 amps continuous current. Its high density allows the drive to
deliver a peak of 3200 W of power and 1600 W of continuous power
(www.elmomc.com/products/elmo-digital-servo-drives-ExtrlQ). The motion controller is a PCB
(printed circuit boards) mounted device (see Fig. 6) that enables efficient and cost saving
implementation.
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One of the latest improvements in motor drives for teen sized humanoid robot is new designed
PCB for brushless motors (see Fig. 7). In this design, connection of cables and encoder are
improved in a way that it needs less space and much easier soldering.

7

Figure 7: New design for brushless motor board

6 Simulation and interface design

In order to control the robot some parameter should be selected before real performance. These
parameter are included information such as type of communication, baud rate, kinematic (i.e. hip
height, amplitude, sway range, joints length and width dimensions,...), walking steps parameters,
and finally angle values modification for testing and implementing of each joints for movement.

SIDE(RIGHT) VIEW

FRONT VIEW

Figure 8: Walking simulation in side and frontal view
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Our motion controller program is designed based on locomotion of Archie in forward, backward,
leftward and right ward walking. It is also included important parameters that should be tuned
according to hardware and design of robot to control the locomotion.

Since each joint is basically connected to motion controller program via the proposed
communication interface for an individual motion, the interface should provide appropriate
setting ability for position and velocity profile of each joint in Archie to manage the proper
movement. Besides the kinematic/dynamic information in motion controller program of Archie
there are graphs and motion simulator for designing a model of an actual and physical behavior
of robot, to execute the movement commands, and test and analyze the execution output.

These simulations let you play robot in a virtual world and provide you a better vision that can
avoid injuries and damages and necessary or unnecessary changes in design of the robot as
demonstrated in Fig. 8.

Conclusion and future works

The main goal is to develop a cost oriented autonomous humanoid robot to assist human in daily
life tasks. We have presented our mechanical design, communication interface and motion
controller program respect to the humanoid robot Archie which moves like a human. We chose
the CAN bus because of the robustness compared with Recommended Standard (RS) 232 that we
used already. Furthermore, the CAN bus provides hardware support for priority based messaging
and filtering of messages.

Finally it should be mentioned that Archie motion control program is under the test and
development.
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Abstract

Positive realness is extended for application-oriented purposes in this article. With the help
of symbolic computation, the positive realness conditions are automatically generated. The
regions of positive realness are investigated in the parameter plane. In the presence of
parameter uncertainties, the realness conditions are studied in order to develop robust
algorithms. An extension of positive realness is set up where positive realness is aimed
at in a predetermined lowpass frequency region. Furthermore, gradients are presented to
approach positive realness conditions for applications with arbitrary data, which can be

determined in parts.

Eventually, positive definiteness of a matriz is obtained by using gradients with respect
to an auxiliary matriz which influences especially the worst subdeterminant of the matrix.

This method is used in the field of Lyapunov stability and hyperstability.

Several examples are presented for the illustration from a engineering point of view.

Keywords: Permitted regions for positive realness, symbolic deconvolution, lowpass

positive realness, conditions for negative imaginary functions, hyperstability requirements
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1 Introduction

Positive realness has become an interesting field of research in the last decades. Especially
the correspondence with passive networks has been a challenge. There is a huge quantity
of references dealing this matter (e.g., Adamy, J., 2009; Ljung, L., 1977; Lozano-Leal, R.,
and Joshi, S.M., 1990; Marquez, H.J., and Damaren, C.J., 1996 and several cited at the
end of the References).

In the following sections, the general matrix A is a replacement of an open-loop or
closed-loop system (A + BK) under discussion, where some changes in the parameters
(mostly of the controller part K) are possible and intended in order to satisfy positive
real requirements.

A lot of important results is now reviewed for introductory purpose (Féllinger, O.,
1993; Petersen, I.R., and Lanzon, A., 2010).

The scalar complex transfer function G(s) is (strictly) positive real if in the open right

half-plane

Re G(s) >0. (1)

Re s>0

The following properties are recalled: This is satisfied if G(s) is stable. Poles at the imag-
inary axis must be simple and characterized by positive residues. If there is no pole at the
origin, positive realness is also given for Re G('jw)‘wo > (0 . Zeros in the right half-plane
are not permitted. The difference of the degrees of the numerator and denominator poly-
nomial of G(s) is 0 or 1. Positive real functions occur as the inverse complex admittance
in an electrical network with only passive elements. In addition, G(s) is strictly positive
real if no zero or pole at the imaginary axis exists.
A matrix G(s) is positive real if for an arbitrary complex vector z # 0

Re 2" G(s)z] >0, z=(@=")". (2)

Re s>0

There are the following correspondences: The matrix G(s) is positive real if the corre-
sponding Hermite part Gp(s) 2 0.5[G(s) + G*(s)] is positive real. Gg(jw) must be
Hermite and positive definite for w > 0. The elements of G(s) must satisfy the conditions
for positive real scalar transfer functions. Based on the conditions of square functions in
z, the property positive real corresponds to the property of positive definiteness of the
Hermite part Gy(s), i.e., all the northwest subdeterminants are positive. Positive definite
is given for > 0, positive semi-definte for > 0. A Hermite matrix is positive definite (semi-
definite) if all the eigenvalues are > 0 (> 0). Moreover, all the main diagonal elements

must be positive.
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Remind the conditions for hyperstability: The LTI system G(s), see Eq.(64), is hyper-
stable (asymptotically hyperstable) if the Popow integral equation

/0 () Ty () dr <22, >0 (3)

is satisfied for positive and constant £y and if G(s) is positive real (strictly positive real).

Considering positive realness, one has to keep in mind that positive realness might
be accompanied by some problems in industrial applications, even in simple ones. To
guarantee positive realness the difference of the numerator and denominator degree must
not exceed one. From purely mathematical viewpoint this is easy. In applications, this
is achieved (1) by introducing elements with differentiation property or (2) by switching
proportional elements in parallel. The consequence is significantly more actuating effort
and the need of better measurement facilities. Lowpass positive definiteness (see Section

5) can eleviate this situation.

1.1 Introductory Examples
1.1.1 Illustration 1. PDT, System

The PDTy-system
s+c

GO = s +b)

(4)

requires abc > 0 and ¢ < a + b for positive real part at any frequency w. This results in
the aforementioned case from

o+ c+ jwllo +a— jullo +b— ju]

_ e L
Re Gs) = Re 0T a2 T omliio + b7 + oA

(5)

Omitting the imaginary part of the right-hand side and, next, selecting ¢ = 0 to obtain

the smallest real part, one has

_ (o+a)(o+b)(o+c)+wo+a+b—c)
We Gls) = (0 +a) +2[(0 + b2 + o] (6)

abc + w*(a+b— c)

- . (7)

[a? + w?][b? 4+ w?]

For the sake of illustration, some parameter examples of frequency plots G(jw) of
stable systems are given in Fig. 1 for ¢ = 2. Above the line a = ¢ — b, positive realness is
satisfied.

Further examples even for unstable (!) ones, where positive realness is not valid, are

shown in the Appendix.
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Figure 1: Examples for positive realness and for objecting positive realness

Furthermore, Re G(s) is displayed in the right-half s-plane (Fig. 2) for some parameters
(a = 0.5; b = 1.5; ¢ = 4) where positive realness is not satisfied. The region bound for
positive definiteness is given by

wo(o) = J(Ha)(ﬁb)(am ®)

—o+c—a—>b

and is diplayed by a starred curve.

Multiple parameter changes are better than a single parameter change. Consider initial
parameters b and ¢ such that positive realness is not satisfied. Which Ab and Ac of
minimum Frobenius norm is required to obtain positive realness? This simple extremum
task yields

A + A+ pla+b—c+ Ab— Ac) — min . 9)

The result is Ac = —Ab = p/2 = (a+b—¢)/2 with a norm Ab> + Ac? = (a+b—¢)?/2.
If no change of Ab should be admissible the resulting norm is Ac? = (a + b — ¢)?, twice

the former result.

For the Illustration 1, the Nyquist polar plot plus accompanying plots G (jw) =

G(o + jw) V w for four different values of o are given in Fig. 5. For o # 0, G is positive
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1.1.2 Example 1. PD,T; System

The PDsT3-system
(s+c¢)(s+e)

(s+a)(s+b)(s+ f) (1

and its G(jw) (after having made the denomator real-valued) has a numerator of fifth

G(s) =

order
(Jw +e)(jw+e)(—jw +a)(—jw +b)(—jw + f), (12)

the real-valued part of the corresponding numerator of G(jw) is of fourth order; the

coefficients of w°, w?, w* are

abcef 2 B(1), (13)
(c+e)(ab+af +bf) —cela+b+ f) —abf £ B(3), (14)
a+b—c—e+f 2 B(5). (15)

2 Coefficients and Conditions for Positive Realness

Via MATLAB and defining a variable A, one finds B(i) for the conditions for positive
realness of Example 1, Eq.(11),

A=expand ((j*om+c) * (j*om+e) * (- j*xom+a) * (—j*om+b) * (- j*xom+f) )
A(1)=A
for i=1:5
A(i+1)=simplify ((A(i)-subs(A(i),om,0))/om); end
for i=1:2:5 % coefficients of om~(i-1): [0 2 4]
B(i)=subs(A(i),om,0); end

Multiplying two general polynomials' a(s)b*(s) (with equal degree up to n — 1) the
coefficients of the powers of w of the product are given in what follows. The coefficient of

w1 s

tr[Lixn{(ab”) . x UL Iz 1<i<n (16)
tr[Lon iyxnlrn{(ab”) .« U} I}, Lr(on—i)] n+1<i<2n—1,(17)

(2n—i)xn

where .x is the dot product and U,, and I,,, are defined by Eqgs.(74) and (78), respectively.

Lequal to the convolution operation which is not available in symbolic operation
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Selecting, e.g., degree 3, n = 4, one has?

Product of the polynomial coefficients of
a*bT (vector a times vector b transposed):
[ a_1xb_1, a_1%b_2, a_1%b_3, a_1x*b_4]

[ a_2xb_1, a_2%b_2, a_2%b_3, a_2%b_4]

[ a_3*b_1, a_3%*b_2, a_3%b_3, a_3%*b_4]

[ a_4xb_1, a_4%b_2, a_4%b_3, a_4xb_4a],

after having dot-postmultiplied with matrix U_v, i.e., axbT .* Uv:

[ a_1xb_1, -a_1xb_2x*i, -a_1%b_3, a_1xb_4x*i] i=\sqrt{-1}
[ a_2xb_1xi, a_2xb_2, -a_2%b_3x*i, -a_2%b_4]
[ -a_3xb_1, a_3%b_2x*i, a_3xb_3, -a_3%b_4x*i]
[ —a_4xb_1%i, -a_4%b_2, a_4xb_3x*i, a_4xb_4],
the list of the powers of \omega and the appropriate coefficients:
0 a_1xb_1
1 a_2%b_1%i - a_1%b_2%i i=\sqrt{-1}
2 a_2%b_2 - a_1xb_3 - a_3x%b_1
3 a_1*b_4xi - a_2%b_3%i + a_3%b_2%i - a_4xb_1xi
4 a_3*%b_3 - a_2%b_4 - a_4xb_2
5 a_4%b_3*%i - a_3%b_4x*i
6 a_4xb_4

In cases of differing dimension of a and b, the smaller vector can be filled up with

zeros; or the matrix of the product ab? is augmented with rows (columns) of zeros at

the bottom (at the right side). The operations carried out in the preceding paragraph can

also be handled in cascade if a couple of polynomials are under concern.

Let us remind that the remaining expressions B(2) and B(4) are useful to investigate

negative imaginary properties.

2.1 Computer-Assisted Positive Realness

Interested in the conditions for positive realness in the case of controller K (s) and plant

G(s), switched in series, one has

S 2kis') (3F zqist)

F,(s) =

_
(

s” (zxkDF)S

Z? pmsi)(Z? p(;isi)

(18)
(19)

(20)

2We change over to verbatim display, in parts, in order to transmit the impression how the results are

presented in original MATLAB
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where the following abbreviations have been used

K 2 ZKDx (21)

G £ zpt (22)
P, = PPk (23)
P; = PPy (24)

s 2 (1 s s> )7 (25)
Sls=jw = (1 jw  —w? .)T (26)
S lmjo = (1 —jw —w? )7 (27)
S £ s, o lsmjo - (28)

The scalar expression s” KSGs*|;_;, 2 Aisa polynomial of degree 4(n —1). The positive

realness conditions can be separated by the MATLAB algorithm

A(1)=A
for i=1:2xn

A(i+1)=simplify ((A(i)-subs(A(i),om,0))/om); end
for i=1:2:2%n

B(i)=subs(A(i),om,0); end

Since B(4) is not a valid symbolic variable name, the coefficients of w?, which are the
basis of the positive realness condition, cannot be denomiated as variables from the very

beginning.

3 Permitted Zero Region

Taking into consideration that one is interested in the region for positive definiteness in

the (e, ¢)-plane of Example 1, the signs must be payed special attention. One has

B(b)>0: c4+e < a+b+f (29)
c < (a+b+f)—eécl (30)

B(1)>0: ce > 0 (31)
(32)

c> 0, e > 0. 32
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Condition B(3) is rewritten as

clab+af+bf—e(a+b+f)l:abf+e(ab+af+bf)J > 0 (33)
_ pile) +p5(e) > 0. (34

Depending on the sign, the condition has to be separated. Then, c¢ in relation to the

. . A .
auxiliary quotient ¢y = —ps/py is

ps >0 : ¢ > —ps/ps (35)
py <0 : ¢ < —ps/ps - (36)

In Fig. 7 the limits are portrayed and the filled area demonstrates the permitted region

in the (e, ¢)-plane.

4 Robustness

In Example 1, we consider the parameters ¢ and b uncertain. The uncertainties Aa and
Ab are in an uncertainty box, where |Aa| < Aa,, and Ab < Ab,,. As to be expected, the
range of ¢ is reduced, shown in Fig. 8. The result is based on selecting the worst corner
of the rectangular uncertainty, only. In order to ascertain that no enclave exists, a huge
number of uncertainties inside the rectangle is chosen and the worst result is assigned by
a dot line in Fig. 8.

In the vicinity of ey = (ab+ af +bf)/(a + b+ f), resulting from p, = 0, there
are numerous opportunities for selecting e in such a constellation. Fortunately, they are

excluded by other conditions B(1), B(5), and from physical insight as well.
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Figure 7: Limits for positive realness for a = 6; b=1; f =2 (upper part) and Area for

permitted values in the (e, ¢)-plane (lower part) for Example 1
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With respect to symmetry one has ¢ = e. Investigating the specific point ¢ with

maximum tolerable uncertainty in order not to object positive realness, for the Example
1 of Eq.(11) we find from B(1) > 0 in Eq.(32) |Ac| < ¢ or Acpin = —c. From B(5) > 0
in Eq.(30) results c < (a+b+ f) —e, c+Ac=(a+ b+ f)/2 = 4.5 and ¢ = 2.25. From
B(3) > 0 in Eq.(33) we have

10

(a+b+ f)c+ Ac)” = 2(c+ Ac)(ab + af +bf) +abf =0, (37)
resulting in ¢ = Ac = 2.06.
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5 Lowpass Positive Realness

Strictly positive realness offers the advantage: The positive real plant G(s) in combination
with an integral contoller K (s) = 1/(sT}) yields a stable closed-loop system for the region
0 < T7 < oo. Stability robustness is guaranteed with respect to any positive 717.

For some band-limited G(jw), i.e.,
Re G(jw) >0 Vw<wy, (instead of 0 <w < c0) (38)

the value of Im G(jwy) determines the maximum | K (jwy)| in order not to affect stability,

i.e., it suffices to keep Eq.(38) satisfied if the integral controler does not exceed

1 1
< - = - .
|[Sm G(jwo)| |G (jwo)l

| K (jwo) (39)

The idea of lowpass positive realness does not work for plants the polar plot of which
enters the left half plane at low frequencies, e.g., in the case of the Example 1 of Eq.(11)
fora=6; b=1; ¢=0.1; e=0.1; f=2. The corresponding polar plot and the details

close to the origin are given in Fig. 9.
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Figure 9: Polar plot for ¢ = 0.1; e = 0.1 and details close to the origin
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For the Illustration 1 with the PDTs-plant, we combine both original conditions a +
b—c > 0 and abc > 0 for the bandwith limit 0 < w < wy in order to guarantee positive

realness in this lowpass region, only,
(a+b—c)wi +abc >0 (40)

which results in the larger condition for ¢

2

c<(a+b)w2ti]ab<a+b. (41)
0

For the Example 1 of the PDyT3-plant, based on Eq.(15), the combination yields

B(1) + B(3)w® + B(5)w* > 0 (42)
cepr + (c+e)pa+ps > 0, (43)
where
» 2 abf - (a+b+ flwg (44)
P2 = (ab+af +bf)uf —w; (45)
py 2 —abfwi + (a+b+ fuwg . (46)

The resulting lowpass positive real condition is

— +
C>M Vchgéep1+p2>0. (47)

ep1 + p2

Otherwise, the sign of the condition changes, see Fig. 10 upper part.

Fig. 10 demonstates the increase of the area versus Fig. 7.

The gradient of Eq.(43), left-hand side, with respect to ¢ or e is —py/p; = 2.66. The
characteristic in Fig. 10 is (¢, e)-symmetric.

For wy — oo the result Eq.(47) converges to B(5) in Eq.(15).

Subsequently, there is a combined optimization target
wo + w1|Sm G(jwy)| — opt s.t. Re G(jw) >0 Vw < wy, (48)

in order to obtain, e.g., |K(jwy)| — min, see Eq.(58). The condition with the Frobenius
norm |[(Aa : Ab)||% < d, can be included via Lagrange multiplier.

In addition, lowpass positive realness does not require degree difference 1 or lower.
Higher difference is permitted. E.g., replacing the numerator in Eq.(4) by a constant,

positive realness is satisfied for w < wg = Vab.
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a=6, b=1, f=2
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in Fig. 7 for comparison
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6 Gradients to Approach Positive Realness

6.1 Changing Parameters

Consider the parameters ¢, e alterable. Find the gradients such that the nonpositive
conditions B(i) are changed in order to obtain a positive definite function. Only the
nonpositive conditions should be changed. Hence, a weight v is defined, a component
of which is 1 in case of necessary change and 0 in case after having arrived at positive
definiteness. Thus,

vE 0.5vec;{[1 — B(i)/|B(i)||w;}, (49)
where w; weights the various condition gradients. Then, v; = 0 for B(i) > 0 and v; = 1
for B(i) < 0. Defining

k
h

(c of (50)
vec;[B(i)] (51)

> >

the affordable changes Ac¢, Ae result from the gradient, the weighting vector v applied

to each gradient element and the stepsize Ar

Ac oh”

Ohy Ohy \"
Ohy  Ohy

dJdc  Oe

The Jacobi matrix elements are calculated by symbolic differentiation. In the numerical
Mlustration 1 with data of Fig. 7, the result is depicted in Fig. 11.

v Ar . (52)

6.2 Changes of the Limit Frequency

Now, find the sensitivity of wy with respect to a selected parameter a; in G(jw). We

abbreviate the general case with order n, as demonstrated in Eq.(7) for n = 2,

Re G(jw) = Zio}i}?;)'qi “o (53)

Denoting w = wy at Re G(jw) = 0 yields

n

Y. giwy=0. (54)

i=0,2,4,...
An infinitesimally small deviation Aa; of any parameter is supposed to trigger a deviation

Awq of the limit frequency wq. Hence,

DSt 0 09 & O o 179
Yic024.. 91 Wy _ ) i1 S g Wit 20— (55)

0
da i=0,2.4,... da i=0,2.4,... da
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Figure 11: Approaching positive definiteness via gradient method. The arrows denote

the zero crossover

Finally, one has
ag; ',

n
Owyg i=0,2,4,... as :
yLy Eyene . 1—1
T:——] Z LWy o Gi - (56)
a; w 0j—94...

For the Tllustration 1 with Eq.(4), we find wy = \/abc/(c —a—1b) and

dwy  ab— wj
oc  2wo(c—a—b)

(57)

and Fig. 12.

6.3 Changes of the Imaginary Part at the Limit Frequency

For the control system with integral controller K = 1/(jwT}), the plant G and the gain
margin Ag , one has
AR Wy
ArRKG=1 ~ —=——. o8
T~ Sm GG o
Pay attention to the property that moving the zero ¢ towards the origin the gain margin

Apg can be increased referring to both wy and Sm G(jwy), see Fig. 12.
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Figure 12: Influence of the zero ¢ upon closed-loop properties for the Illustration 1

The dependence of Im G(jwy) on any parameter a; easily results from

oSm G(jwy)  0Sm 2(jwe)n* (jwo) 1

da; da; n(jwo)n* (jwo)
1 on(jwo)n*(jwo)
n(jwo)n*(jwo)|? da ’

(59)

—[Sm z(jwo)n*(jwo)][

where n(jwg) and z(jwg) are the numerator and the denominator polynomial of G(jwy)

3

respectively.

7 Optimizing Lowpass Realness and Integral Con-

troller

For the Example 1 of Eq.(11), find the tradeoff between large wy and big factor 7T of the
integral controller, both in the presence of a given gain margin Ag. Some increase in wy

can be considered as a reserve for robustness versus unstructured uncertainty or unknown
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high-frequency dynamics. Following Eq.(58)

d(€) = 1/wy + wiwo/|Sm [G(jwy)]| — min | (60)
where
. w?+cla+b)—ab
wy = \/abc/(c —a—10), ¢>a+b, SmGUw)=—-w T )@ 1) (61)
the result is illustrated in Fig. 13.
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8 Hyperstability Requirements

A multivariable dynamical system in state-space representation

x(t) = Ax(t) + Bu(t), x(0) = x, (62)
y(t) = Cx(t) (63)

is hyperstable (asymptotically hyperstable) if the transfer matrix G(s) is positive real

(strictly positive) real, where

. [aA|B
G(s) =C(sI - A) B+D—[T’?

Following Kalman Yakubovich (Slotine, J.J., and Weiping, Li, 1991), a controllable

and observable continuous-time LTT system with m inputs and outputs is hyperstable

(64)

if there exist symmetric and positive definite matrices P, L und V and the following

equations
AP +PA = - LL* (65)
C'-PB = LV (66)
D+D" = VvV (67)

are satisfied, where (A, P € R™", L € R™ V € R»*™ Ce R™" B € R™™). If L
is row regular then the system is asymptotically hyperstable. (A matrix L is row regular
if Lx = 0 is only possible for x = 0.) The matrices L and V are arbitrary, P must be
positive definite.

[For a discrete-time system, the conditions are

®"P® P = ~LL" where & =®(T) =" (68)
C'—A"PT = LV (69)
D+D" -9¢'P¥ = V'V ] (70)

To impose a system positive definiteness, we remind (for DT = D) the artificial alge-

braic transit matrix D

N 2

D=05VIV-D=-05C-B"P")L L' (C'-PB). (71)

Then the control system obeys the algebraic transit matrix 0.5VV.
If positive definiteness is not satisfied yet then find an increment of L in order to

improve positive definiteness of P via gradients of the northwest subdeterminants of P.
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See Eq.(80). That is, evaluate the northwest subdeterminants d; of P, select the smallest
one, which usually might be negative. Then calculate the differential quotient and the

increment AL
Jmind; O mind,; O mind;
_— AL =K )

oL’ oL oL
Numerically, the differential quotient is determined as the difference quotient

(72)

dmin(L + ALk]) - dmin(L)
ALy,

dmind;
OL

- (73)

= matrixy;|

The gradient increment is executed repeatedly until all the negative d; have been nearly
diminished, see the Example 2 in what follows. Numerical applications may require very
small ALg; in order not to skip to singular a matrix L. In such a way, positive definiteness
can only be approached; a breakthrough to definitively positive definte matrices is not

possible for small increments.

8.1 Example 2: Gradients to Approach Positive Definiteness

The example which follows demostrates the procedure of turning all d; — 0; even though
the consequence of this action is det P = 0. Hence, P becomes singular and not positive
definite. The example is of formal utility, only, applicable in automatic control as an
example for a necessary condition for positive realness. Fig. 14 illustrates this minimum
search. The quantity mind; is depicted versus search step number. The inserted subplot

shows the switch of i from arg[min(d;)] from ¢ =1 to ¢ = 2 at step number 10.



POSITIVE REALNESS AND POSITIVE DEFINITENESS: GRADIENTS AND ROBUSTNESS

-15.8745 0.1285 1.4106 4.8886
A= 7.9216 -16.1339 7.3222 9.7139
1.4544 4.8523 -11.0893 1.1245
4.8914 8.3823 0.3449 -10.5679
initial L=diag(abs(rand(n,1)))= final Lv =
0.6385 0 0 0 0.6107 -0.0520 -0.0341 -0.0631
0 0.5942 0 0 -0.0690 0.3540 -0.1184 -0.2094
0 0 0.4986 0 -0.0463 -0.1279 0.4341 -0.1170
0 0 0 0.5679 -0.0822 -0.2164 -0.1117 0.3686
min d= -0.2317 min dv= -1.9 e-007
P= Pv=
-0.2317 -0.2390 -0.1980 -0.3476 0.0086 -0.0036 -0.0035 -0.0041
-0.2390 -0.2265 -0.1931 -0.3415 -0.0036 0.0016 -0.0033 -0.0062
-0.1980 -0.1931 -0.1504 -0.2850 -0.0035 -0.0033 0.0071 -0.0070
-0.3476 -0.3415 -0.2850 -0.4898 -0.0041 -0.0062 -0.0070 0.0012
d= dv=
-0.2317 -0.0047 -0.0001 -0.0000 0.0086 0.0000 -0.0000 -0.0000
nkqg.m figure(1), nnb.fig
(0] T T T T
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Figure 14: The minimum of all the d; during minimum search (Example 2)
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8.2 Example 3: Gradients to Enter Positive Definiteness

This Example 3 highlights the zero crossover for the negative subdeterminant and their

increase when following the gradient procedure.

-3.6291 1.3402 0.1793 -0.3948
Ao = 0.7605 -0.8343 0.9134 -0.0899
0.7092 3.4872 -3.6918 -1.6077
2.1363 8.2571 0.9414 -10.2354
initial L=diag(abs(rand(n,1)))= final Lv =
0.6380 0 0 0 0.6676 0.0234 0.0235 0.0244
0 0.5940 0 0 0.0233 0.6214 0.0233 0.0264
0 0 0.4980 0 0.0236 0.0236 0.5300 0.0252
0 0 0 0.5679 0.0247 0.0269 0.0251 0.6014
min d= -0.2265 min dv= 1.07 e-004
P= Pv=
-0.2265 -0.2339 -0.1939 -0.3404 0.2252 0.7127 0.1823 -0.0363
-0.2339 -0.2215 -0.1891 -0.3344 0.7127 3.0283 0.7626 -0.1553
-0.1939 -0.1891 -0.1471 -0.2793 0.1823 0.7626 0.2249 -0.0427
-0.3404 -0.3344 -0.2793 -0.4796 -0.0363 -0.1553 -0.0427 0.0272
d= dv=
-0.2265 -0.0045 -0.0001 -0.0000 0.2252 0.1741 0.0057 0.0001

9 Conclusion

Positive realness is extended for application-oriented purposes. The regions of positive re-
alness are investigated in the parameter plane. In the presence of parameter uncertainties,
the realness conditions are studied in order to develop robust algorithms, and to extend
positive realness in a predetermined lowpass frequency region. Furthermore, gradients
are given to approach positive realness conditions for applications with arbitrary partly
alterable data.

Eventually, positive definiteness of a matrix is effected by using gradients with respect
to an auxiliary matrix, which influences especially the worst subdeterminant of the matrix.

This method is used in the field of Lyapunov stability and hyperstability.
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Appendix

A Definitions

The vector s is defined a vector of powers of the Laplace operator s. For s = jw and
w = 1 we get the matrices U, and U,, which are needed for determining the signs of

polynomials partly replaced by their complex conjugate

s2(1 s s .. U, 25|, s/ (74)

5:j 9
where 7 means Hermite, i.e., transposition and the complex conjugate, and * is the com-

plex conjugate without transposition. For the fourth dimension n = 4 and w = 1, one

has
1 —j -1 j)= . |- (75)
Correspondingly, one has

A
U, = S‘s:js‘z:j =

(76)

Multiplying two polynomials a(s) and b*(s) given by their polynomial coefficients a and
b, respectively, requires the Hadamard product (dot product) and summing up elements

in some secondary diagonal referring to Eqs.(16) and (17)

(ab”) . x U, . (77)
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The dot product assigns the appropriate sign and imaginary unit j.

A numerical example in MATLAB illustrates the simple results since they can easily

lead to some confusion.

n=4; s=[1; j ; -1; -31; a=[1 2 3 4]’;

Uv=sx*s’; Uy= s*conj(s’) % (the expression for
5
4
-10
Vi=conv(a .* s, b .* conj(s)) = - 8j
-19
43
32
5 - 6j -7 8
V2=axb’.*% Uv= 10j 12 -14j -16
-15 18 21 -24j
-20j -24 287 32

b=[5 6 7 8]’;

s *x s°T)

Yil=conv([1 2%j -3 -4*j],[56 6%j -7 -8%j]) transposed is equal to

Yi=conv(a.*s, b.*s)=

Y2=axb’.* Uy=  +10j
-15
-20j

163
-34
-60j
61
+52j
-32

6]
-12
-18j

24

-7 -8
-14j 16
21 243
+287  -32

Comparison of U, £ s|s—;s|iL; and U, = sls—;8|i_;, BEq.(74) and Eq.(76), offers the

only and simple difference in complex conjugation in horizontal direction. Hence, 1 and j

are equally distributed. Only each second column differs in sign. Using MATLAB hintonw

to illustrate the signs, only, one finds Fig. 16 for n =9. For n =5, 9, 13,... etc., U, and

U, are reflected by a vertical axis as far as the signs only are concerned.



98 POSITIVE REALNESS AND POSITIVE DEFINITENESS: GRADIENTS AND ROBUSTNESS

nnw.m figure(1), nny.fig
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Figure 16: Sign pattern of U, and U, for n =9

To continue, define the reduced unity matrix

A 1000
Lin 2 e Tpy = , 78
* Erotaxt (0100) (78)

which corresponds to the unity matrix I,, with deleted rows higher than 7.

The reflection matrix I reads as
0 01
;=1 =12 01 0| for n=3 (79)
1 00

Premultiplying a matrix with the reflection matrix yields the matrix which is reflected
with respect to a horizontal line; postmultiplying results in a reflection along a vertical

line.

B Positive Definiteness

The main (leading) principal minors d; of the matrix Q € R™" (where only symmetric

matrices make sense in square functions x” Qx) are

Qu .. Qu
diédet : : o 1<i<n,  Qin=0Q, (80)

Qi - Qi
d, = detQ . For Q = QT all A[A] are real and Q > 0. Q is positive definite, i.e.,
xI'Qx >0, Vx #0,iffd; >0 V1 <i<n.
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C Review of Lyapunov Stability Properties for Lin-

ear Systems

We recall some important properties for linear systems Lyapunov theory. Assuming an

autonomous system x = Ax with A € R"*" | and defining a Lyapunov function
V=V(x)=x"Px, (81)

the derivative with respect to time is

V(x)=x"(ATP + PA)x £ —x"Qx , (82)
where the algebraic Lyapunov equation is
A'P+PA+Q=0. (83)

Both P and Q being positive definite symmetric is a necessary and sufficient condition
for A stable (Kalman, R.E., and Bertram, J.E., 1960; Slotine, J.J., and Weiping, Li,
1991, Remember:

e Irrespective weather P is selected and Q is found from Eq.(83), the system is stable
if both are positive definite.

e If one of the matrices P and Q fails positive definiteness it depends on the initial
assumption. Choosing Q > 0 and computing P < 0, the system is unstable due to
the following facts: If A has eigenvalues throughout with negative real parts and Q
is positive definite then Q can be written as Q = M’ M

o
p (U [T AT MM A 7 dr (84)
Jo

XTPX:/ xTeATTMTMeATXdT:/ | MeA ™ x ||%dr>0. (85)
0 0

o If P is selected first and Eq.(83) yields a negative definite Q, no result can be
deduced. Even for stable A and positive definite P, Q may turn out negative definite,
because Eq.(85) is not satisfied, see, e.g., Slotine, J.J., for an example of such an

inconclusive result.

e An optimum lower and upper bound of the convergence rate in the relation V/V

and V[x(t)] can be given as by simply selecting Q = I, following from
MeslQ) _ V() x"Qx  x"Qx/x"x _ Aaia[Q]

- )\min[P} B V(X) - 7XTPX a 7XTPX/XTX = 7)\max[P] (86)
exp {—)\mi[P}t} < LV[}[ZS])] < exp {_)\m:([P]t} . (87)
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e Consider the Lyapunov matrix equation as the special case £ — oo of the linear

matrix differential equation with free upper integral limit ¢,

P(t)=ATP(t) +P(t)A+Q  where (88)

the result is is given by

P(t) = /t ATT QAT dr . (89)

0

For P(t) — 0 as t — oo, Eq.(88) approaches Eq.(83). Hence, the solution of the
algebraic Lyapunov equation Eq.(83) is given by Eq.(84).

For Lyapunov theoretical aspects, based on and derived from Linear Matrix Inequali-

ties, see Ostertag, F., 2010.

D

Failures to Positive Realness Conditions

Further examples for objecting the positive realness conditions are given in Figs. (17) and
(18). The line a = ¢ — b is the borderline.

nmk.m figure(1), nml.fig; c= —2;

(b,a)—plane G(jo)—plane

B3 1
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0 0 / 5

-2 B L L L LY B
%2 15 -1 —0.5 0 0.5 8 -6 —a -2 o 2
2 50
0 * 0 /_ :

-2 sol—
= 15 -1 ~0.5 ) 0.5 260 —a0 —20 o 20

Figure 17: Examples objecting positive realness for ¢ = —2 (Illustration 1)
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nmm.m figure(1), nmn.fig; c =+ 2; (b,a)—plane G(jo)—plane
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Figure 18: Some more examples objecting positive realness for ¢ = +2 (Illustration 1)
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25. OSTERRECIHISCHER AUTOMATISIERUNGSTAG AN DER ALPEN-ADRIA UNIVERISAT KLAGENFURT

Der 25. Osterreichische Automatisierungstag an der Alpen-
Adria Universitat Klagenfurt

Der Osterreichische Automatisierungstag 2010 war dieses Jahr den zukunftstrachtigen
Themen ,,Energie und Mobilitat” gewidmet. Austragungsort war erstmals die Alpen-
Adria Universitdt Klagenfurt, an der im Jahre 2007 die Fakultdt fir technische
Wissenschaften gegriindet wurde. Organisiert wurde die Jubildumsveranstaltung von
Professor Martin Horn vom Lehrstuhl fir Mess- und Regelungssysteme der Universitét
Klagenfurt. Das Vortragsprogramm umfasste \Vortrage von Vertretern aus Industrie und
Forschung und gab einen Uberblick tiber aktuelle und zukiinftige Entwicklungen im
Bereich der Verkehrs- und Energiesysteme.

Professor Wolfgang Hirschberg vom Institut fir Fahrzeugtechnik der Technischen
Universitat Graz gab in seinem Vortrag ,,E-Mobility - Diversifizierung oder Allround-
Kfz?* einen Uberblick (iber zukunftstrachtige Antriebssysteme fiir straBengebundene
Kraftfahrzeuge. Anhand aktueller Statistiken verdeutlichte er, dass die meisten Fahrten
auch heute schon problemlos mit Elektrofahrzeugen bewadltigt werden kdnnten.
Verbesserungspotentiale sieht Professor Hirschberg vor allem in der Entwicklung von
leistungsfahigeren Energiespeichersystemen. Genau zu dieser Thematik passend
berichtete Dr. Stefan Doczy von der ,,Magna E-Car Systems GmbH* in seinem Vortrag
»Entwicklung und Test von Batteriesystemen fur Nutzfahrzeuge® Uber aktuelle
Entwicklungen im Bereich der Batteriesysteme im Nutzfahrzeugbereich. Dr. Doczy
widmete sich vor allem der Planung und Durchfuhrung der aufwandigen
Testprozeduren fir Batteriesysteme, denen im Entwicklungsprozess eine besondere
Bedeutung zukommit.

Professor Kyandoghere Kyamakya vom Lehrstuhl fir Verkehrsinformatik der Alpen-
Adria Universitat Klagenfurt stellte in seinem Vortrag ,,Eine Extended Floating Car
Data Infrastruktur ~ zur Unterstlitzung der Fahrerassistenz hinsichtlich Echtzeit-
Fahrsicherheit  sowie  Eco-Driving”“ ein in  Entwicklung  befindliches
Fahrassistenzsystem vor, das durch Nutzung multipler Informationsquellen die
Sicherheit des Strallenverkehrs in Zukunft signifikant verbessern soll.

Von der Stralle auf die Schiene wechselte Dr. Martin Rosenberger von der ,vif - Das
virtuelle Fahrzeug GmbH*, der die ,,Potentiale von mechatronischen Systemen in der
Schienenfahrzeugtechnik* aufzeigte. Trotz konservativer und daher trager Strukturen im
Bahnwesen setzen sich auch dort moderne mechatronische Systeme durch, die nicht nur
den Fahrkomfort verbessern, sondern durch VerschleiBminimierung auch die
Lebensdauer von Schienenfahrzeugen erheblich verlaéngern kdnnen.

Dipl.-Ing. Rene Jilg skizzierte in seinem Vortrag ,,Windkraftanlagen gestern und heute
Herausforderungen an die moderne Technik® die technischen Fortschritte bei der
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Entwicklung von Windkraftanlagen. Anhand eindrucksvoller ~ Animationen
veranschaulichte er die regelungstechnischen Herausforderungen bei der Beherrschung
der immer grolRer werdenden Windanlagen.

Mathematische  Modelle und darauf aufbauende  Regelalgorithmen  fir
Biomassefeueranlagen prasentierte Dr. Markus Golles von der ,,BIOENERGY 2020+
GmbH* in seinem Vortrag mit dem Titel ,Effizientere Biomassefeuerungsanlagen
durch modellbasierte Regelungsstrategien“. Die vorgestellten Ansédtze wurden
ausfihrlich erléautert, ihre praktische Tauglichkeit wurde anhand von Messergebnissen,
die an einer realen Versuchsanlage gewonnen wurden, eindrucksvoll demonstriert.

Ein fester Bestandteil und Hohepunkt des Osterreichischen Automatisierungstages ist
traditionell die Verleihung des Fred Margulies Preises durch Dr. Norbert Rozsenich und
Professor Peter Kopacek. Dieses Jahr wurden sechs Preistrager geehrt, und zwar Herr
Dipl.-Ing. Markus Egretzberger fur seine Arbeit mit dem Titel ,,Mathematical Modeling
and Control of Electromechanical Gyroscopes®, Herr Dipl.-Ing. Werner Mastny fur
seine Arbeit mit dem Titel ,,Improvement of the mechanical construction of advanced
mobile robots for Landmine detection®; Herr Dipl.-Ing. Dr. Mario Richtsfeld fir seine
Arbeit mit dem Titel ,,Robust Range Image Processing for Robot Manipulation“, Herr
Dipl.-Ing. Richard Stadlmayr fiir seine Arbeit mit dem Titel ,,On a Combination of
Feedforward and Feedback Control for Mechatronic Systems*, Herr Dipl.-Ing. Hannes
Trogmann fur seine Arbeit mit dem Titel ,,Neue Regelverfahren fiir eine pneumatische
Stewart Plattform® und Herr Dr. Alois Zoitl fir seine Arbeit mit dem Titel ,,Basic Real-
Time Reconfiguration Services for Zero Down-Time Automation Systems*

Zusammenfassend kann der Automatisierungstag 2010 als sehr gelungen bezeichnet
werden. Dies spiegelt sich auch im groRRen Interesse des Publikums wider - mehr als 60
Zuhorerlnnen verharrten bis zum Ende der Veranstaltung.

Univ. Prof. Martin Horn
Lehrstuhl fur Mess- und Regelungssysteme

Alpen-Adria Universitat Klagenfurt
Tl)

IFAC Beirat Osterreich
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BUCHBESPRECHUNGEN

Greifertechnik
Effektoren fur Roboter und Automaten

Stefan Hesse

ISBN 978-3-446-42422-7
Carl Hanser Verlag, Miinchen 2011

Die Erweiterung der Anwendungsgebiete von Robotern, Manipulatoren und Handha-
bungseinrichtungen erfordert immer mehr flexible und leistungsfahige Greifer. Greifen
ist eine Grundbewegung in der Robotertechnik zum Erfassen und Halten von Objekten.
Durch Greifen wird eine zeitweilige Verbindung zwischen Roboter und Werkstiick her-
gestellt. Aufbau, Funktion und Einsatz von Greifern (Effektoren, Endeffektor) gehdren
zum Kernwissen in der Automation von Handhabungs- und Montagevorgangen. Beson-
ders in diesem Bereich strebt man nach Flexibilitat, Automation und Hochstleistung.
Davon sind in hohem Malie die Greifeinrichtungen betroffen und nehmen eine Schlis-
selstellung ein.

Im Buch werden die Grundlagen systematisch dargestellt: die wirkenden physikalischen
Prinzipien, die Bandbreite der wichtigsten Bauformen, die Berechnung von Greifern,
Kinematik, sensorische Ausstattungen sowie typische Anwendungsfélle und Sonderl6-
sungen. Die fur industrielles Greifen benétigten Greifer werden in diesem Buch vorge-
stellt und sind in vielen Ausfiihrungen erhaltlich. Eigenschaften und Anforderungsbild
sind entscheidend fir die Auswahl eines Greifersystems und die Gestaltung der
Greiforgane.

Mit vielen Ldsungsanregungen und Uber hundert Konstruktionszeichnungen von Grei-
fern enthélt das Buch auch direkt in der Praxis verwendbares Wissen und wendet sich
an Techniker, Konstrukteure, Ingenieure und auch an Studenten maschinenbaulicher
Studienrichtungen.

Peter Kopacek
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Zukunft der Produktion
Herausforderungen, Forschungsfelder, Chancen

E. Abele, G. Reinhart

Carl Hanser Verlag , 2011
ISBN 978-3-446-42595-8

Der Produktionsstandort Deutschland kann sich im globalen Wettbewerb nur behaup-
ten, wenn die Unternehmen auf die zuklnftigen Anforderungen eingestellt sind. Das
vorliegende Buch zeigt ausgehend von den Megatrends, welche Aktionsfelder die Pro-
duktionsforschung in den nachsten zehn Jahren bearbeiten muss, um vorne zu sein. Sei
es der demografische Wandel, neue Technologien, Klimawandel, Ressourcenknappheit
oder Mobilitat; jeder dieser Einflussfaktoren verlangt gezielte Anpassungen in der Pro-
duktion und im Unternehmen. Es wird beschrieben, wie diese aussehen sollten: neue
Produkte und Markte, Paradigmenwechsel in Organisation und Management, neue Fer-
tigungstechnologien, nachhaltige Prozesse. Auf jede Herausforderung gibt es Antworten
und Handlungsempfehlungen. Ein wertvolles Buch flr Fihrungskréfte, die Zukunft mit
gestalten.

Das vorliegende Buch beginnt mit einem ,,Management Summary* in dem eine Uber-
sichtliche Darstellung der sieben Kapiteln in Form von Abstracts erfolgt. Sodann wer-
den die Herausforderungen an die Produktion der Zukunft dargestellt sowie ein Leitbild
dafiir erstellt. Die nachsten Kapitel widmen sich den Forschungsthemen zur Umsetzung
dieses Leitbildes sowie dazu erforderliche Forschungsthemen. Zum Abschluss wird die
integrative Rolle der Produktion und die Zusammenarbeit zwischen Industrie und Wis-
senschaft anhand von erfolgreichen Verbundprojekten dargestellt.

Das Buch kann sowohl in der Praxis stehenden als auch wissenschaftlich tatigen Ingeni-
euren und Managern, uberwiegend in Deutschland, empfohlen werden.

P. Kopacek
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