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Core Point: ModelingToolkit makes it easy
to design new and better simplification
algorithms interactively
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ModelingToolkit 1 @named ground = Ground()
2 @named source = Voltage()
3 @named ref = Blocks.Step(height = 1, start_time = 8)
4 @named pi_controller = Bl s.LimPI(k = 1.1, T = 0.835, u_max = 0.6, Ta = 8.835)
5 @named feedback = Blocks.Feedback()
6 @named R1 = Resistor(R = R)
function EMF(: name, k) 7 @named L1 = Inductor(L = L)
SREaRin = RG] 8 @named ,‘.‘ & EMFF' = k)
. 9 @named fixed = Fixed()
@named n = Pin() 10 @named load = Torque(use_support = false)
Gnamed flange = Flange() 1 @named load_step = Blocks.Step(height = tau_L_step, start_time = 3)
@named support = Support() 12 @named inertia = Inertia(J = J)
@parameters k = 13 @named friction = Damper(d = f)
@variables v(t)=06.8 i(t)=6.8 phi(t)=0.0 w(t)=0.0 14 @named speed_sensor = SpeedSensor()
P ey 15
[B . ‘ 4 & : 16 = [connect(fixed.flange, emf.support, friction.flange_b)
17 connect(emf.flange, friction.flange_a, inertia.flange_a)
= [ 18 connect(inertia.flange_b, load.flange)
~ flar ni-= 19 connect(inertia.flange_b, speed_sensor.flange)
D(phi) ~ 20 connect(load_step.output, load.tau)
* W o~ 21 connect(ref.output, feedback.inputl)
lange.tau ~ -k * i] 22 connect(speed_sensor.w, feedback.input2)
ODESysten(eq: [ hi 1, [k] = o = [ 23 connect(feedback.output, pi_controller.err_input)
24 connect(pi_controller.ctr_output, source.V)
and 25 connect(source.p, R1.p)
26 connect(R1. 11.p)
27 connect(L1.n .p)
28 connect(emf. source.n, ground.g)]

@named model = ODESystem(conn
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Composability of MTK

eq = [Dt(u(x,y,t)) ~ 1. + v(x,y,t)*ulx,y,t)*2 - 4.4*u(x,y,t) + o*V2(u(x,y,t)) +
brusselator_f(x, y, t),
Dt(v(x,y,t)) ~ 3.4%u(x,y,t) - v(x,y,t)*ulx,y,t) 2 + o*V2(v(x,y,t))]
mains = [x € Interval(x_min, x_max),
/ € Interval(y_min max)
€ Interval(t_min, t_max)]
# Periodic BCs
bcs = [u(x,y,8) ~ uB(x,y,0),
u(8,y,t) ~ u(l,y,t),
u(x,0,t) ~ u(x,1,t),
v(x,y,0) ~ vB(x,y,0),
v(8,y,t) ~ v(1,y,t),
v(x,8,t) ~ v(x,1,t)]
@named pdesys = PDESystem(eq,bcs,domains,[x,y,t],[u(x,y,t),v(x,y,t)])
| = 32
r, dx = (y_max-y_min)/N, (x_max-x_min)/
cretization = MOLFiniteDifference([x=>dx, y=>dy], t)
sywbolic_discretize(sys, discretization)

XSystem = YSystem

PDESystem —» ODESystem
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Composability of MTK

XSystem = YSystem

using
'n = @reaction_network begin
MomentClosure. |l # including system-size parameter 0
ReactionNetwork » ODESystem E ; e B8+ S
end c y 63 Gy [
generate_raw_moment_eqs(rn, 2, combinatoric_ratelaw=false)

4+ 20-JuliaHub
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Composability of MTK

XSystem = YSystem using gToolkit, Mome
@variables t, xq(t), x2(t)
@parameters €, « w_g, A
ft_eqs = [Differential(t)(x1) ~ x2;
MomentClosure.jl Differential(t) (x2) ~ e*(1-x172)*xz -
~2*x1 + A*cos(w_g*t)]

SDESystem » ODESystem Jiff_eqs = [8: A]

@named vdp_model = SDESystem(drift_eqs, diff_egs, t
[x1, x2], [e, w_n, w_g, A])
odel, 2)

generate_raw_moment_eqs(vdp_
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Composability of MTK

XSystem ~ YSystem N _
Proper Orthogonal Decomposition and Discrete

Empirical Interpolation Method (POD-DEIM)
ModelOrderReduction.jl

ODESystem » ODESystem

\ od_dim = deim_dim = 5
deim_sys = deim(simp_sys,
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model SimpleMechanicalSystem

Composability of MTK parameter Real J1 = 1, 32 = 1

constant Real C = 1;

Real u;
Real Phi_1, Phi_2;
XSystem and others = YSystem Real omega_1 , omega._2;

Real tau_1, tau_2, tau_3;
initial equation

omega_1 = 0O;

omega_2 = 0;

Phi_1 = 6;
. Phi_2 = 6;

OM Jl equation
u = time;

Modelica ~ ODESystem // The Algebraic variables
tau_1 = u;
tau_2 = C * (Phi_2 - Phi_1);
tau_3 = -tau_2;

der(Phi_1) = omega_1;
der(Phi_2) = omega_2;
der(omega_1) = (tau_1 + tau_2) / J1;
der(omega_2) = tau_3 / J2;

end SimpleMechanicalSystem;
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Clearly, many (young) contributors have easily
added their own transformation passes in record
time.

Why is MTK so hackable for writing
transformations?

| will show the interactivity by describing the
structural simplification passes!



julia>
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julia> ts = TearingState(expand_connections(rc_model)); find_solvables!(ts); ts.structure
SystemStructure with 22 equations and 23 variables

# 9ot eq

1 [8; 14 51
2 [6, 7]

3 [7, 8]

4 [4, 8]

5 [2; '9; 18]
6 115, 121

7 [12, 13]

8 [1, 13]

9 [14]
18 [15, 16, 17]
11 [18, 19]
12 [19, 20]
13 [16, 21]
14 [22]
15 [14, 21]
16 [5, 17]
17 [7, 19]
18 [3, 18]
19 [6, 12]
20 [9, 15]
21 [9, 22]
22 [11, 18, 23]
23 .

6tv

2] [8]

17 [5]
[1, 18]
[1, 4]
[1, 16]
[2, 19]
[2, 13, A7
[3, 4]
[5, 20, 21]
[5, 18]
[6, 22]
[6, 7, 19]
[7, 8]
[9, 15]
[10, 20]
[1e;. 13]
[18, 16]
[11; 22]
11, 12, 171
[12]
[13; 151
[14, 21]
[22]

julia> dummy_derivative(ts)
Matched SystemStructure with 22 equations and 23 variables

0O~ OO0l &~ W N =

IND: INDEIINDIIND il il il il Sl il il
W L OV SN WN - O© 0

# ot eq
[3, 4, 5]
(6, 7]
[7, 8]
[4, 8]
[2, 9, 10]
[11, 12]
[12, 13]
[1, 13]
[14]
[15, 16, 17]
[18, 19]
[19, 20]
[16, 21]
[22]
[14, 21]
[5, 17]
[7, 19]
[3, 18]
[6, 12]
[9, 15]
[9, 22]
[11, 18, 23]

ot V

20 [8]

11§ [§6]
[1, 18]
[1, 4]
[1, 16]
[2, 19]
[2, 3, 17]
[3, 4]
[5, 28, 21]
[5, 18]
[6, 22]
(6, 7, 19]
[7, 8]
[9, 18]
[10, 20]
[10, 13]
[10, 16]
[11, 22]
11, 12, 171
[12]
[13, 15]
[14, 21]
[22]
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Dummy derivative
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2x’1’+562-|-a:g—|—xﬁl—l—u4 t

x1 + T2 + uq(t)
T1 + T3 + T3 + us(t)

0
0

xll —|— .’tz -I- ’L‘Ll(t)
T + T2 + x5 + Ua (1)
T1 + x5 + T4 + us(t)

0
0
0

m’ll—l—fl'}z—l-’ill t
x] + Zo + x5 + Us(t

(

(
z] + x5 + xy + us(t

(

)=20
)=20
)=0
)=0

Do all the variables with a
prime have the same
interpretation?
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Symbols could be misleading

Tr1 + T2 ‘|‘U1(t) =0
£) =
T1+ T2 + 23+ u2(t) =0 Differential variable
Ty + 22 +01(t) =0 £IZ=$//
1+ 2o+ x5 +02(t) =0
T1+ 23+ 24 +uz(t) =0 .CUZCU/:f(x)

Algebraic variable xy + o + U (t
xl +332—|—333 + uso(t

(t) =0
(t)=0
zy +xf + ) +us(t) =0
20 + Zo+ x5 + 2y +ua(t) =0
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Dummy derivative: structural encoding

Tearing tells us which variable is solved by which equation

Int = Union{Int, Nothing}

Actual differential variables cannot be algebraically solved by any equation

Int = Union{Int, Nothing, SelectedState}

Hence, dummy derivatives are variables that appear to be differentiated, but its
lower derivative is not a SelectedState.
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julia> dummy_derivative(ts)
Matched SystemStructure with 9 equations and 11 variables

T1 + @2 +ui(t) =0 # or  eq O v

1 51 [1e, 1] 7184 I[3, 7]
71+ 22 + 23+ ug(t) = 0 2 71 [8,18, 111 94  [4, 9]
3 91 [1,9,18] 4l  [4, 6, 8]
E oy s o PR 4 [2, 3,5, 71 31184 [5, 7, 9]
, mthtdl) =0 5 6710 [4, 6] 6L [4, 6, 8]
£E1+:B2+:B3+’LL2(1;)=0 6 51 [3, 5] 51114 f [5, 7]
T1 + x4 + T4 + uz(t) =0 7 8721 [1, 4,61 1) [4, 8, 9]
8 74 [3,5,7] 1K) [2]
o 9 3L [2, 471 21  [3]
7 + T2+ ui(t) = 10 : 41 [1, 2, 3]
T + Gy + 2l +ila(t) = 11 6t 11, 2]

julia> ts.fullvars[[6, 11]1]
2-element Vector{Any}:
Differential(t) (x2(t))
x2(t)

(t) =0
(t) =0
zy +xf + ) +us(t) =0
22 + Zo + xf + xly + ug(t) =0
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julio> model_ex = expand_connections(model); equations(model_ex)
34-element Vector{Equation}:
. . . . R1.v(t) ~ R1+p+v(t) - Rl.n.v(t)
Alias elimination s ) o Ky
R1+i(t) ~ R1+p+i(t)
R1+v(t) ~ R1.R*R1.i(t)
R2.v(t) ~ R2.p+v(t) - R2.n.v(t)
8 ~ R2.n.i(t) + R2.p.i(t)
R2.i(t) ~ R2.p+i(t)
R2.v(t) ~ R2.R*R2.i(t)
LT.v(t) ~ L1+psv(t) - Llun.v(t)
8 ~ L1.n.i(t) + L1.p.i(t)
L1.+i(t) ~ L1.p+i(t)
Differential (t) (L1+i(t)) ~ L1+v(t) / L1.L
L2.v(t) ~ L2+p+v(t) - L2+nsv(t)
B ~ L2.n.i(t) + L2.p.i(t)
L2.i(t) ~ L2+p+i(t)
Differential (t) (L2+i(t)) ~ L2.v(t) / L2.L
source.v(t) ~ source:p+v(t) - source.n.v(t)
8 ~ source.n.i(t) + source.p.i(t)
source.i(t) ~ source.p.i(t)
sourcesVv(t) ~ source.V.u(t)
constant.output.u(t) ~ constant.k
ground.g.v(t) ~ 8
constant.output.u(t) ~ source:V.u(t)
source.p+v(t) ~ L1.p.v(t)
8 ~ L1.p+i(t) + source.p.i(t)
R1+p+v(t) ~ R2:psv(t)
R1+p+v(t) ~ L1+nsv(t)
8 ~ L1.n.i(t) + Rl.p+i(t) + R2.p.i(t)
L2.p.+v(t) ~ R2.n.v(t)
L2.+p.+v(t) ~ R1+n.v(t)
B ~ L2.p.i(t) + R1.n.i(t) + R2.n.i(t)
sourcesn.+v(t) ~ L2.n.+v(t)
source:+n.v(t) ~ ground.g.v(t)
Julia Computing Proprietary 8 ~ L2.n.i(t) + ground.g.i(t) + source.n.i(t) P-JuliaHub




Alias elimination

Dummy derivative and
tearing

julia> full_equations(dummy_derivative(model_ex))

4-element Vector{Equation}:

Differential(t)(L1+i(t)) ~ (constant.k - L2.p.+v(t) - R2.R*R2.p.i(t)) / L1.L
Differential(t) (L2.i(t)) ~ L2.p+v(t) / L2.L

B ~ L2.i(t) - L1.i(t)

B ~ R1.R*(R2.p+i(t) - L2.i(t)) + R2.R*R2.p.i(t)
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Alias elimination

I+ -
Not index 1 I L=0.1

julia> full_equations(dummy_derivative(model_ex))

4-element \Vector{Equation}:

Differentfal(t) (L1+i(t)) ~ (constant.k - L2.p.v(t) - R2.R*R2.p.i(t)) / L1.L
Differentdpl(t) (L2.i(t)) ~ L2.p.v(t) / L2.L

B ~ L2.i(¥) - L1.i(t)

B ~ R1.R*(R2.p+i(t) - L2.i(t)) + R2.R*R2.p.i(t)
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Alias elimination: singularity removal

julia> full_equations(dummy_derivative(alias_elimination(model_ex)))

3-element Vector{Equation}:

Differential(t) (L1+i(t)) ~ -((-(constant+k - L1+v(t) - R1.R*(L1.+i(t) - R2.i(t)))) / L2.L)
B ~ R2,R*R2.i(t) - R1.R*(L1.i(t) - R2.i(t))

B ~ (-(constant+k - L1+v(t) - R1.R*(L1.i(t) - R2.i(t)))) / L2.L + L1.v(t) / L1.L

Julia Computing Proprietary 99-JuliaHub



Stronger alias elimination

ogs = [D(D(x)) ~ dd: . a
AUR -~ ZH dz;
D(x) ~ - X |
, ¢ — s &
D(2) ~ z4 I
D(z¢) ~ sin(t) k—— %
D() - D() ddz

D(D(D(x))) ~ sin(t)] y
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Stronger alias elimination

dz
dk da i i
Codt T dt 2 o
~ 2 2 3
O Ol =St % ot
dt dt2 I
dz %z v cw
g S e ddz
dt dt3 ||JZ
Y

- 20-JuliaHub
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Stronger alias elimination

julia> aliases

dk dz 7-element Vector{Any}:
e a = a Differential(t)(k(t)) => Differential(t)(x(t))
d L z(t) => Differential(t)(x(t))
e Al i = ddx(t) => Differential(t)(Differential(t)(x(t)))
dt ' dt2 y(t) => Differential(t)(Differential(t)(x(t)))
dz d3z Differential(t) (z(t)) => Differential(t)(Differential(t) (x(t)))
d—f = QB z¢(t) => Differential(t) (Differential(t)(x(t)))
: Differential(t) (z¢(t)) => Differential(t) (Differential(t) (Differential(t)(x(t))))
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)

plot_tearing_state

e_b+tau(t)

®

- Differential(t)(pi_controller+int+x(t))
I-pi_controller+addTrack+outputu(t)

inertia+flang

.

- Differential(t) (Differential(t)(friction+phi_rel(t
friction+a_rel

- Differential(t) (Differential(t) (inertia+phi(t)))
Finertia+a(t)

I-pi_controller+addSat+input1 +u(t)
I pi_controller+addSat-+input2-+u(t)

I-pi_controller+addPl+output.+u(t)
I-pi_controller+addTrack+input1+u(t)

I pi_controller+gainTrack+y(t)
- Differential(t)(emf+phi(t))

I pi_controller+gainTrack+u(t)

- Differential(t)(L1+i(t))

LL12v(t)

L1 +p+V(t)
friction+flange_b-+phi(t)

Finertia+flange_a-+tau(t)
FR1+v(t)

friction+tau(t)
remf+flange+tau(t)

-ref+output+u(t)

Femfv(t)

- 0 ~ load_step-+offset + load_step-+heig...
- 0 ~ ref+offset + ref+height*(0.5 + 0....
I 0 ~ -emf+flange+tau(t) - emf+k*L1+i(t)
F 0 ~ R1+R*L1+i(t) - R1+v(t)
- 0 ~ emf+phi(t) + friction+flange_b-+p...
I 0 ~ friction+d*Differential(t)(friction...
- 0 ~ emf+flange+tau(t) + inertia+fla...

I 0 ~ inertia+flange_a+tau(t) + inertia...

0 ~ friction+a_rel(t) - Differential(t)...

I 0 ~ inertia+a(t) - Differential(t)(Diff...
- 0 ~ emf+v(t) - emf+k*Differential(t)(...
- 0 ~ pi_controller+addTrack+input1+u...
- 0 ~ pi_controller+addPl+k1*pi_control...
- 0 ~ pi_controller+gainPl+k*pi_control...
- 0 ~ max(min(pi_controller+addSat-+inpu...
I 0 ~ pi_controller+addSat+input1+u(t...
F 0~ L1+v(t) + emfev(t) - L1+p+v(t)
- Differential(t)(L1+i(t)) ~ L1+v(t) /...
I- 0 ~ pi_controller+addSat+k1*pi_contro...
- 0 ~ pi_controller+gainTrack+k*pi_cont...
- 0 ~ pi_controller+addTrack+k1*pi_cont...
- Differential(t) (pi_controller+int+x(t...
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