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Origin of Term:
“MECHAnIcs and
elecTRONICS/”
Yasakawa Electric Co.,
1969

Synergistic application
of mechanics,
electronics, control
engineering, and
computer science in the
development of
electromechanical
products and systems,
through integrated
design.
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Example of Mechatronic System
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The space
shuttle is a
multi-domain
system
consisting of
multiple
subsystems.

© NASA-Houston.



Another Mechatronic System

Computer hard
disk drive (HDD)
showing disk and

read/write head

Courtesy of Quantum Corp.



Motivation for Mechatronic Design

Sequentially designed components of existing “mixed”
systems are not optimally matched

There is potential for improvement through concurrent and
optimal design

Benefits of a mechatronic design:

— Optimality and better component matching
— Increased efficiency

— Cost effectiveness

— Ease of system integration

— Compatibility & ease of cooperation with other
systems

— Improved controllability
— Increased reliability
— Increased product life



Mechatronic Design Procedure

Modeling and Design Prototyping Deployment

Information for future upgrades




Modeling




Analytical Model Example:
Computer Hard Disk Drive (HDD)
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Dynamic System

Environment

............................................... Outputs/
o "~ Responses

<~ Dynamic System

(State Variables,
System Parameters) :

Inputs/ .,
Excitations o

......................... o \System
Boundary

Note: Rates of Changes of Outputs/State Variables are Not Negligible



TERMINOLOGY

System: Collection of interacting components of interest,
demarcated by a system boundary

Dynamic System: Rates of changes of response/state variables
cannot be neglected

Plant or Process: System to be controlled

Inputs: Excitations (known, unknown) to the system

Outputs: Responses of the system

State Variables: Completely identify the “dynamic” state of system

Note: If state variables at one state and inputs up to a future state
are known, the future state can be completely determined

Control System: Plant + controller, at least (May include sensors,
signal conditioning, etc.)



Examples of Dynamic Systems

System Typical Input | Typical Outputs
Human body Neuroelectric Muscle contraction,
pulses body movements
Company Information Decisions,
finished products
Power plant Fuel rate Electric power,
pollution rate
Automobile Steering wheel Front wheel turn,
movement direction of heading
Robot Voltage to joint|Joint motions,

motor

effector motion




A DYNAMIC SYSTEM EXAMPLE:
A VISION-BASED WAFER INSPECTION CONTROL SYSTEM




Dynamic Model

It is a representation of a system
Useful in analysis, design, modification, and control

An engineering (e.g., Mechatronic) physical system consists of a
mixture of different types of components

An engineering (e.g., Mechatronic) system is typically a multi-
domain (mixed) system

Integrated and unified development of model is desirable (i.e., all
domains are modeled together using similar approaches)

Use analogous procedures to model all components (in analytical
modeling)

Analogies exist in mechanical, electrical, fluid, and thermal
systems



MODEL TYPES

Model: A representation of a system.
Types of Models:
1. Physical Models (Prototypes)
2. Analytical Models
3. Computer (Numerical) Models (Data Tables, Curves, Programs,
Files, etc.)
4. Experimental Models (use Input/output experimental data for
model “identification”)
Note:
Dynamic System: Response variables are functions of time,

with non-negligible rates of changes.



MODEL COMPLEXITY

e Universal Model (which considers all aspects of the system) is
unrealistic

E.g.: An automobile model that represents ride quality, energy

consumption, traction characteristics, handling, structural

strength, capacity, load characteristics, cost, safety, etc. is not

very practical

e Model may address a few specific aspects of
interest/application

e Model should be as simple as possible (Approximate

modeling, model reduction, etc. are applicable here)



ADVANTAGES OF ANALYTICAL MODELS
OVER PHYSICAL MODELS

e Modern, high-capacity, high-speed computers can accommodate

complex analytical models

e Models can be modified quickly, conveniently, and high speed at low

cost
e High flexibility of making structural and parametric changes
e Natural use in computer simulations
e Can be integrated with computer/numerical/experimental models

e Can be done well before a prototype is built (and can be instrumental

In deciding whether to prototype)



ANALYTICAL MODEL TYPES

Nonlinear: Nonlinear differential equations (principle of superposition does not hold)

Linear: Linear differential equations (principle of superposition holds)

Distributed (Continuous)-parameter: Partial differential equations (Dependent variables are
functions of time and space)

Lumped-parameter: Ordinary differential equations (Dependent variables are functions of time
not space)

Time-varying (Non-stationary, Non-autonomous): Differential equations with time-varying
coefficients (Model parameters vary with time)

Time-invariant (Stationary, Autonomous): Differential equations with constant coefficients
(Model parameters are constant)

Random (Stochatic): Stochastic differential equations (Variables and/or parameters are
governed by probability distributions)

Deterministic: Non-stchastics differential equations

Continuous-time: Differential equations (Time variable is continuously defined)

Discrete-time: Difference equations (Time variable is defined as discrete values at a sequence

of time points)



Through Variables and Across Variables

Across Variable: Varies Across Element
(E.g., Velocity, Voltage, Temperature, Pressure)

Through Variable: Remains Unchanged Through Element
(E.g., Force, Current, Heat Transfer Rate, Fluid Flow Rate)

Mechanical Elements:

f roo ! f
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0 V,p,c 47 - :
A.\' Q = C, ﬁ




Mechanical Elements
Variables; Velocity (across variable) and force (through variable)

Mass (Inertia) Element (A-Type Element) izsfi;::::ce
dv 7/// —> Vv
Constitutive Equation (Newton’s 2nd Law): 7 == f o
m = mass (inertia) 2 . > 7
Power = fv = rate of change of energy = .

dv 1 2
Ez_[fv dtzj-mgv dtz_[mv dv = EnergyEzamv (Kinetic Energy)
Note: Energy storage element

1
Integrate constitutive equation & V(1) =v(0 ”; I fat
i
Set t=0" 2 v(07)=v(0") unless force is infinite.
Note: 0~ denotes instant just before # = 0 and 0" denotes instant just after ¢ = 0.

Observations:

1. Velocity (across variable) represents the state of an inertia element = “A=Type Element”
Notes: 1. Velocity at any 7 is completely determined from initial velocity and the applied force;
2. Energy of inertia element is represented by v alone.

2. Velocity across an inertia element cannot change instantaneously unless infinite force/torque
applied.

3. A finite force cannot cause an infinite acceleration in inertia element. A finite instantaneous
change (step) in velocity needs an infinite force = v is a natural output (or state) variable and
fis a natural input variable for inertia element.



Mechanical Elements

Spring (Stiffness) Element (T-Type Element)

d %_Mﬂ At =
Constitutive Equation (Hook’s Law): j{ = kv - f g

k = stiffness
Note: Differentiated version of familiar force-deflection Hooke’s law in order to use velocity (as
for inertia element)

J-fldf

Energy £ =] fvdt= fT

1
dt = I /a4 = Energy £-=75 (Elastic potential energy)

1) =f(0‘)+kjv dt =3 f(0")=r(07) unless an infinite velocity is applied
4

Note: Energy storage element

Observations:

1. Force (across variable) represents state of spring element = “T-Type Element”
Justified because: 1. Spring force of a spring at time ¢ is completely determined from
initial force and applied velocity; 2. Spring energy is represented by falone.

2. Force through stiffness element cannot change instantaneously unless an infinite velocity
is applied to it.

3. Force fis a natural output (state) variable and v is a natural input variable for spring.



Mechanical Elements

Damping (Dissipation) Element (D-Type Element) Y

gu
il
Constitutive Equation: 7 =5v b
b = damping constant (damping coefficient); for viscous damping

Observations:

1. This is an energy dissipating element (D-Type Element)
2. Either f'or v may represent the state

3. No new state variable is defined by this element.



Electrical Elements
Variables: Voltage (across variable) and the current (through variable)

Capacitor Element (A-Type Element) (a) c
. . . dv . $ '
Constitutive Equation: ¢ =i o—> 1] -
C = capacitance + «—
: . d :
Power = jv = Energy Ezjzv dtzjcj:v dt=ICv dv = v

1 :

Energy £-Cv° (electrostatic energy)
Note: Energy storage element
Integrate constitutive equation: v-vo)+ L jia

=> v(07)=v(0") unless an infinite current is applied

Observations:
1. Voltage (across variable) is state variable for a capacitor =
“A-Type Element”
2. Voltage across a capacitor cannot change instantaneously unless an infinite
current is applied.

3. Voltage is a natural output variable and current is a natural input variable for
a capacitor.



Electrical Elements
Inductor Element (T-Type Element)

di ®) L
Constitutive Equation: - =V ! A
) o —0
L = inductance —

1 .2 . v
Energy £=51" (Electromagnetic energy)

Note: Energy storage element

t

el - ; , SR |
Integrate constitutive equation: i() =i(07)+ [ d

o

= i(0")=i(0") unless an infinite voltage is applied.

Observations:

Current (through variable) is state variable for an inductor = “T-Type Element”

Current through an inductor cannot change instantaneously unless an infinite voltage is applied.
Current is a natural output variable and voltage is a natural input variable for an inductor.,



Electrical Elements

Resistor Element (D-Type Element)

Constitutive Equation: v=r (Ohm’s law)
R = resistance

Observations:

1. This is an energy dissipating element (D-Type Element)
2. Either i or v may represent the state

3. No new state variable is defined by this element.



Thermal Elements
Variables: Across variable temperature (7) and through variable heat transfer rate (Q).

Heat Temperature

Transfer T
Rate  etp
Q Vipc

Thermal Capacitor (A-Type Element)
Consider control volume ¥ of fluid with, density p, and specific heat c.

: dT
Constitutive Equation: Net heat transfer rate into the control volume €=pV¢— - >
¢ 4T
dt
C, = pve = thermal capacitance of control volume

Observations:

Temperature T is state variable for thermal capacitor (from usual argument) =»
“A-Type Element”

Heat transfer rate O is natural input and temperature 7 is natural output for this element
This is a storage element (stores thermal energy)

Note: There is no thermal “inductor” like storage element with state variable O .



Thermal Elements

Thermal Resistance (D-Type Element)
Three basic processes of heat transfer = three different types of thermal resistance

Constitutive Relations 4 ___‘,} S— )
}w

kA
Conduction: ¢= Ar T Ax

k = conductivity; A = area of cross section of the heat conduction element; Ax = length of heat
conduction that has a temperature drop of 7.

. . Ax
=» Conductive resistance R, =

Convection: 9 =h AT
h. = convection heat transfer coefficient; 4 = area of heat convection surface with temperature

drop T

: : 1 Fhud
=> Conductive resistance & =~ ol

c

Source T

Radiation: Q=cF;F,A(T;' -T;') =» anonlinear thermal resistor

c = Stefan-Boltzman constant

Fr = effective emmisivity of the radiation source (of temperature 7;)
F, = shape factor of the radiation receiver (of temperature 75)

A = effective surface area of the receiver.

Vacuum




Fluid Elements
Variables: Pressure (across variable) P and volume flow rate (through variable) O

Fluid Capacitor (A-Type Elelz)ent) @ 7 ® 0 e
Constitutive Equation: ¢,—-=0 o P o P P
Note 1: Stores potential energy (a “fluid spring”) . A

Note 2: Pressure (across variable) is state variable P—
for fluid capacitor = “A-Type Element”

Three Types: Fluid compression; Flexible container; Gravity head
V

l1a. For liquid control volume ¥ of bulk modulus B : G =5 =
1b. For isothermal (constant temperature, slow-process) gas of volume .
V e
Ccomp :; ;‘
14 1 L=
1c. For adiabatic (zero heat transfer, fast-process) gas: Ceomr =75 Py —
C
k =C—p = ratio of specific heats at constant pressure and constant volume
A2

2. For incompressible fluid in a flexible vessel of area 4 and stiffness k&:  Ceusie =~

k
Note: For a fluid with bulk modulus, the equivalent capacitance = Cpu + Coraseic .

. . . . . A
3. For incompressible fluid column of area of cross-section 4 and density p: Cew =



Fluid Elements

Fluid Inertor (T-Type Element) P, P,
; —» 0 \

do .
Constitutive Equation: 7, =F P-1,%

Note 1: Volume flow rate O (through variable) is state variable for fluid inertor =»
“T-type Element”

Note 2: It stores kinetic energy, unlike the mechanical 7-type element (spring), which

stores potential energy.

With uniform velocity distribution across 4 over length segment ax:

.y Ax
Fluid inertance ;= P

For a non-uniform velocity distribution:

Ax .
Fluid inertance /, =op—- (correction factor o)
For a pipe of circular cross-section with a parabolic velocity distribution, o =2.0



Fluid Elements

Fluid Resistor (D-Type Element)

Constitutive Equation (Linear): P =R,0 —
P=R;0
Constitutive Equation (Nonlinear): P = Kz;Q"
(Kr and n are parameters of nonlinearity)

For Viscous Flow Through a Uniform Pipe:

L _ _ —
(a) With circular cross-section of diameter ¢: &, =128 W

(b) With rectangular cross-section of height b << width w: & =12n—73

Note: u = absolute viscosity (or, dynamic viscosity); v = kinematic viscosity
with p=vp



Analogies and Constitutive Relations

Constitutive Relation for

O = volume flow rate

C,= fluid capacitance | /,= inertance

System Energy Storage Elements Energy Dissipating
Elements
Type A-Type T-Type D-Type
(Across) Element (Through) (Dissipative) Element
Element

Translatory- Mass Spring Viscous Damper

Mechanical m® s G _ f=bv

v = velocity a i b = damping

f=force (Newton’s 2™ Law) (Hooke’s _Law) constant

m = Mass k = stiffness

Electrical Capacitor Inductor Resistor

V= VOItage Cﬂzi Lﬁzv Ri=v

i = current at | R = resistance

C = capacitance L = inductance

Thermal Thermal Capacitor None Thermal Resistor

T = temperature L RO=T
difference Lt _ R, = thermal resistance

O = heat transfer rate C, = thermal capacitance

Fluid Fluid Capacitor Fluid Inertor Fluid Resistor
P = pressure . _5 ;.99 _p R;Q=P

difference ! ar ! R,= fluid resistance




Through and Across Variables

System Type Through Variable | Across Variable
Hydraulic/Pneumatic | Flow Rate Pressure

Electrical Current Voltage

Mechanical Force Velocity

Thermal Heat Transfer Temperature




Force-Current Analogy

System Type Mechanical Electrical
System-
Variables:
Through- Force f Current i
Variables
Across- Velocity v Voltage v
Variables
System m C
Parameters k 1/L
b I/R




Natural Oscillations

e Require two-types of energy

e One type of stored energy is converted into the other type,
repeatedly back and forth = oscillatory natural response.

e Some energy will dissipate (through the dissipative mechanism of D-
type element) = Natural oscillations will decay

Mechanical Systems: Kinetic Energy and Potential Energy (Elastic or
Gravitational)

Electrical Systems: Electrostatic Energy and Electromagnetic Energy

Fluid Systems: Kinetic Energy of Flow and Potential Energy of Fluid
Storage or Head

Thermal Systems: Only one type of energy storage element (A4-type) with
only one type of energy (thermal energy) =» purely thermal systems cannot
naturally oscillate (unless with external force, or integrated with other
systems (e.g., fluid systems).



STEPS OF MODEL (ANALYTICAL) DEVELOPMENT
1. Identify system of interest (purpose, boundary)

2. ldentify/specify variables of interest (excitations/inputs, responses/outputs, etc.)
3. Approximate various segments (processes, phenomena) by ideal elements, suitably
Interconnected.
4. Draw a free-body or circuit diagram, with suitably isolated components.
(a)Write constitutive equations (physical laws) for elements.
(b)Write continuity (or conservation) equations for
through variables (equilibrium of forces at joints; current balance at nodes, etc.)
(c)Write compatibility equations for across (potential or path) variables (loop
equations for velocities—geometric connectivity; voltages—potential balance)
(d)Eliminate auxiliary (unwanted) variables

5. Express boundary conditions and initial conditions using system variables.



State Space Model

Note: Inputs (#) and outputs (y) are given
Step 1: State Variable (x) Selection
Across variables for A-type energy storage elements

Through variables for T-type energy storage elements

Step 2: Write constitutive equations for all the elements (both
energy storage and dissipative)

Step 3: Write compatibility equations and continuity equations
Step 4: Eliminate redundant variables
Step 5: Express the outputs in terms of state variables

Linear Form: x=Ax+Bu; y=Cx



State Space Model Example

Diesel Engine Driving a Pump Linear Model

i

B B
L\ e\ KN N\ e K
] ] 1|/ — 1 ] ] J
1 | B, Q @ By
I S
Free Body Diagrams

SN N ey
A | )
J UMY 4

B1(Q — o)



State Space Model

For K-
dT
Constitutive relation: —~ = K(o; o) (i)
Torque balance (Continuity): Bi(Q —oy) =T =0 (i)
dT K
Substitute (ii) into (i): —-=—5 T - Ko +KQ (iii)
1
This is one state equation.
For J.
Constitutive relation: J© + B,o» =7 =0
do B,
=> a0t (iv)

This is the second state equation.

Vector-matrix form of the state-space model:

dT -K
| B KIrr 1k
= + Q
dw 1 _ ﬁ [0) 0
dar | | T J |



Analogous Translatory System

||

S S




Model Linearization




Model linearization

e Real systems are nonlinear
e They are represented by nonlinear analytical models

e Common techniques (e.g., response analysis, frequency
domain analysis, eigenvalue problem analysis, simulation,
control) use linear models

e Method: Linearize each nonlinear term (1* order Taylor
series approximation)

Note: A nonlinear term may be a function of more than one
independent variable.



Example

IR IAKAKKK
1 Gear
y Transmission
\ ] Pump
", BRN777
o - Flexible
b IR m Shaft () ]
Induction - \ P \
Motor — } } Jp
— / b/
Paint Load
bP

Induction Motor-Pump Combination in Spray Painting System of Automobile Assembly Plant

Light gear with efficiency n and speed ratio 1:r; flexible shaft torsional stiffness k,
Moments inertia of motor rotor and pump impeller: J,, and J,

Dissipation in motor and bearings: viscous damping of damping constant b,,
Pump load (paint load plus dissipation): viscous damping constant b,

Magnetic t T. of inducti t _ 150 (09 ~ )
agnetic torgue o1 Induction motor ~m — 2 2
g q " (qu _O)m)

®,, = motor speed; Ty depends quadratically on phase voltage supplied to motor;

®y OC line frequency of the AC supply; ¢ > 1.0



Related Questions

(a) Comment about the accuracy of model
(b) State variables: motor speed o,,, pump-shaft torque 7,, pump speed »,. Derive three

state equations: nonlinear state model. What are the inputs to the system?
(c) What do parameters ®y and 7, represent with regard to motor behavior? Determine

sTm , % and Zi and verify that first is negative and other two are positive. Note:

under normal operating conditions 0<e,, <o,.
(d) Consider steady-state operating point: steady motor speed &,. Obtain expressions for

®,, T, and T, at operating point, in terms of ®,, and &,
(e) Let u__y, %4%1, and 2T’"=Bz at operating point. \oltage control: vary Tp;

om,, 0 [ON

Frequency control: vary o,. Linearize state model about operating point and express it

in terms of incremental variables ®,,, 7,, ®, Ty, @ . Let (incremental) output
variables be incremental pump speed o, and incremental angle of twist of the pump
shaft. Obtain linear state space model 4, B, C and D.

(fHFor frequency control only (YAE) = 0) obtain input-output differential equation relating
3,\
V4

®, and & . Show that if ®y is suddenly changed by step Adg then ~a will

k, . i\ ati 0
523 Aoy, but not the lower derivatives of ®,,

m=p

Instantaneously change by step




Solution

(@) e Backlash and inertia of gear transmission neglected (not accurate in general). Gear
efficiency n is assumed constant but usually varies with speed
e There is some flexibility in the shaft (coupling) between gear and drive motor
e Energy dissipation (in pump load, bearings) is lumped into a single linear viscous-damping
element (In practice nonlinear and distributed)

d do . .
(b) Motor speed o, = dlj" ; Load (pump) speed ®,, :—dtp ; 0,, = motor rotation; 6, = pump rotation
.. T,ro, OutputP : .
Gear efficiency n =—~2—= PO Wit T, = reaction torque on motor shaft from gear
T o Input Power

g m

r = gear ratio = 7®,, = output speed of gear

Power = torque x speed =7, ="T7, (i)
n

Newton’s 2" law (Torque = Inertia x Angular Acceleration) for motor: T, =T, —=b,®,, =J,®,  (ii)
Newton’s 2" law for pump: 7, —b,0,=J,0, (iii)

Hooke’s law (Torque = torsional stiffness x angle of twist) for flexible shaft: 7, =k,(r0,,—0 ) (iv)
State Equations: (ii), (iii), and derivative of (iv); Specifically
. - .- . r
Substitute (i) into (ii): J,®,, =T, -b,0, _HTP (V)
Differentiate (iv): T,=k,(ro,-o,) (vi)
Equation (iii): J,o,=T,-bo, (vii)

_ Thgog(0g —®,) ...
T i-en M

Strictly, two inputs: ® (speed of rotating magnetic field « line frequency); 7o « (phase voltage)?

Note: Nonlinear model; State vector = [0,, 7, ®,]"; Input 7,



Induction Motor Characteristic Curve

(O,,,‘

No Slip — @0

Motor Rotor Speed

Full Shp — 0

Stable
Region

Increasing Field Voltage
Magnitude I

Unstable
Region

- -

Ty Tax  Motor Torque T,



Solution (Cont’d)

(c) From (viii): When o, =0 = T, =T, =» T, = starting torque of motor

From (viii): When 7,,=0 = o, =0, =» o, =no-load speed = synchronous speed
Note: Under no-load conditions, no slip =
Actual speed of induction motor = speed @, of rotating magnetic field

Differentiate (viii) with respect to Ty, o, and ®,,: 2 =420 =0u) _ 5 (gav) (ix)
aTE) (qO)O _(’Om)

or, TOQ[(QC‘)S _@1121)(20)0 ~,,) =0y (0 —», )2gm] _ Thqo,, [(og _C‘)m)2 + (q—l)o)g] iy
= = = P2

0w, (g —»2)? (qoZ —02)? (say) (X)
T, _ Toq@o[(qﬁ)g _0)31)(_1) — (0 -0,,)(-2w,)] _  Tyqoql(q —1)0)5 + (o _(’Om)z] _ -
‘o, (907 -0 B

Note: 3:>0; B.,>0; 6>0

(d) Steady-state operating point =» rates of changes of state variables =0

Set o, =0=T, =6, in (v) — (vii) > oJm_bmam_nifp; 0=k, (r®, -@,); 0=T,-b,&, >

®, =10, (xii); T,=bro, (Xiii)

_ T oo (D — & - (Bm(bm+r2b n)(q(’gz_o_)n%)
T, =b,@,+rb®,/n= %q“’gg‘%_fm) (from (2.62) or (vii)) =P Ty = — p_/ —
(gog —®,,) g0y (0 —®,,)

(xiv)



Solution (Cont’d)

(e) Take increments of state equations (v) — (vii):

J & =—b b, —ﬁfp b6, + BTy + By (XV); T, =k, (76, ~6,) (xvi); J,®,=T,-bd, (Xvii)

~

~

~ 0T, . oT oT, | - - A -
Where 7, =_""a, {a—;}% {ﬁ}wo =~bo,, + BT+ B®y  (XVili)
0 0

m

Linearized State Equations: (Xv)-(xvii) subject to (xiii)

i o or A AT A T
State vector x=[0, T, mp] ; Input vector ”Z[To 000} ; Output vector yZ[mp T/kp:|

—(b+b )/, -r/@J,) O Blé‘]m BzéJm o o0 1
A= rk, 0 ~k, | B= - C= 0 ]/kp 0 D=0
0 1vJ,  -b,/J, 0 0

(f) For frequency control, 7o =0

N

Substitute (xvi) into (xv) to eliminate ®,, ; Substitute (xvii) into the result to eliminate I p
=> Input-Output Differential Equation:

303p+[J b, +J (b +b)] 206p+[/’c (J +r2Jp)+b (b, +b)] (Bp+
> " S | pe dt _
2 (xix)

r . .
k,( ; E+b, +b)o, = Byrk o,

I,

= 3% order differential equation; system is 3" order; state-space model is also 3" order.



Solution (Cont’d)

Observation From (xix):

When s, is changed by “finite” stepAw, =» RHS of (xix) will be finite =»
®
V4
dr’
d%®

2 or lower derivatives also change by a finite step

LHS, and particularly highest derivative ( ) also must change by a finite value.

Further Verification: If as a result,

d°d
> 4 dt3p should change by an infinite value (Note: derivative of a step = impulse)
=>» Contradicts the fact that RHS of (xix) is finite
d’s, do,

> a,tzp , —7, »and &, will not change instantaneously

dt

3 A

Only —=* will change instantaneously by a finite value due to finite step change of ®;

dr

From (xix): Resulting change of —3~ is 7;



