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Unit1 1.3 - DC power flow and other AC linearizations
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Last lecture: can we predict these electricity angles from the power injections?

This lecture: can we approximately predict these angles from the power injections using a linear equation?
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uUnit1 1.3 - DC power flow and other AC linearizations

Below is a map of wholesale electricity prices on a winter day in Australia

6:00 am 12:00 pm

o~

https://app.electricitymaps.com/map/live/fifteen_minutes?signal=electricity-price

The price separation between the states is determined by the flow sensitivities between regions.

Where do the flow sensitivities come from?
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uUnit1 1.3 - DC power flow and other AC linearizations

The Eastern-Australian transmission network can be approximated by a 4 node system:

How do we calculate the sensitivities between the 4 nodes?
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uUnit1 1.3 - DC power flow and other AC linearizations
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uUnit1 1.3 - DC power flow and other AC linearizations
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Unit1 1.3 - DC power flow and other AC linearizations

Full AC Power Flow

Attributes
» System of nonlinear equations
* Provides an “AC feasible” power flow
* Adheres to system physics
» Iterative numerical solution such as NR
* Slower, does not always converge
Use Cases

» Verify critical outage cases
* Precise connection and network studies
* Accurate network losses

* AC-feasible generator dispatch

Keith Moffat - Power System Analysis

Linearized (e.g., DC) Power Flow

» System of linear equations

* Solution is an approximate power flow
* Approximates system physics

* Directlinear solve

* Fast, always provides a solution

* Quickly screen many outage scenarios
* Simulate many planning scenarios
» Estimate changes following a small redispatch

* Energy markets (always provides a solution!)



uUnit1 1.3 - DC power flow and other AC linearizations

Outline

DC Power Flow

Slack Bus Discussion

Decoupled Linearized Power Flow
Coupled Linearized Power Flow

HwnN =
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Unit1 1.3 - DC power flow and other AC linearizations

DC Power Flow

Interpretation/derivation 1:

Approximately describes the active power/voltage angle relationship, making the following assumptions
= Assumes nominal voltage (1 per unit)

= Assumes the line resistances = 0
= Assumes small angle differences: sin(6; — 6;) = 0, — 6;
= A single slack bus

Interpretation/derivation 2:

The active power/voltage angle portion of the power flow linearization at the nominal voltage for a
network with no resistance and a single slack bus

(the second interpretation will make sense by the end of this lecture)
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Unit1 1.3 - DC power flow and other AC linearizations

Decoupled Power Flow
Two-Bus Transmission System with an Inductive Line

X12
Vi=1206, TV V, =146,
P’jnje‘:ted = Z VkVi [Gki COoS Bki + Bki sin Gki] 1 .
iEN:. 7z = jxlz —_ b_= _
H P, =V, - Vi [G2q cos(83) + By sin(6,)] Jbiz Y
= BV, V;sin(6,) by, = _é
~ 82192 . - . . ,
sin(8; — 61) = 0, — 61 x4, IS positive, by, is negative!
= —bq,0,
L _ [ b1z —by2
X12 12 12

Is there an analogous approximation for a full network, rather than a single line?
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Unit1 1.3 - DC power flow and other AC linearizations

DC Power Flow

By : the reduced susceptance matrix
“reduced”: remove the slack bus row and column (just PQ and PV buses)
Py : the vector of real power injections with the slack bus injection removed

fp : bus voltage angle differences to the slack bus, with the slack bus angle = 0 removed

Pp ~ _BPBP
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uUnit1 1.3 - DC power flow and other AC linearizations

High-level Linearization Points

Point 1: Linearizations can be quite accurate close to the linearization point.
Point 2: Linearization accuracy often decreases the further you go from the operating point.

linearization true

Point 3: Linearizations are approximations and thus will not give a true AC-feasible voltages.
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Unit1 1.3 - DC power flow and other AC linearizations

Power Flow Approximation for 2-Bus System
1 Zy3 = jx12 =j0.1 5

P, =? Y12 = jby; = —j10
o @ £

Vl - 1L0 VZ =? v

b —b]=.[—10 10

Y=G+jB=j[—b b 10 —10

Class exercise 1: write out DC power flow for this 2_Bus system

What intuition does it give us for the relationship between P, and 6,?
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Unit1 1.3 - DC power flow and other AC linearizations

Power Flow Approximation for 2-Bus System

1 Y12 = jb = —j10 2

P1=?
1 =7 e P;, Q;

Vl =120 VZ =? \
82 =?

«

10

_[—10 —[_
B‘lm ~10 Bg = [-10]

Class exercise 2: why do we use B, and not B?

Keith Moffat - Power System Analysis



Unit1 1.3 - DC power flow and other AC linearizations

Power Flow Approximation for 2-Bus System

p, =2 1 Y12 = jb = —j10 2

Q1 =? e Py, Q;

Vl =120 VZ =? \
92 =?

«

Class exercise 3: Can you find a linearization from Q, to V,?

Jicnjemd = Z VieVilGgi sin 8y; — By; cos O] B = —-10 10 ]
& 10 -10
H Q, = V,V;[G51sin(8,) — Byq cos(6,)] — sz B,, Hint: approximations/substitutions:
cos(6,) = 1

(not as easy as P ~ 0 derivation, next slide gives derivation method)
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Unit1 1.3 - DC power flow and other AC linearizations

Two ways of determining sensitivities/linearizations

1) Calculate derivative/Jacobian directly 2) First-order expansion by substituting x = x* + Ax
0 . ]
Ay=(—f) Ax y*+Ay = f(x" + 4x)
0x/ ,
- done - discard higher-order terms such as 4x?
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Unit 1

1.3 - DC power flow and other AC linearizations

Power Flow Approximation for 2-Bus System

p, =2 1 Y12 = jb = —j10 2

Q1 =? e Py, Q;

Vl =120 VZ =? \
82 =?

«

Class exercise 3: Can you find a linearization from Q, to V,?

chnjemd = Z VieVilGgi sin 8y; — By; cos O] B = —-10 10 ]
& 10 -10
H Q, = V,V;[G51sin(8,) — Byq cos(6,)] — sz B,, Hint: approximations/substitutions:
= —10V, cos 6, + 10V2 cos(fz) ~ 1
~ —10V, + 10V7 AVf = 0
= —10(1 + AV,) 4+ 10(1 + AV,)? V, =V + AV, =1+ AV,
= 10AV, + 10(AV,)?
~ 10AV, ‘1 dropping this term gives the linearization
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Unit1 1.3 - DC power flow and other AC linearizations

Two Representations of AC Power Flow

Real-valued bus injection equations Complex-valued power equations
P, = Z VicVil Gy cos O; + By; sin 6] S=diagW)I, I=YV
= >
Qk = Z VieVilGy; sin Oy; — By; cos O] S = diag(V)YV
LENy,
AP -Ae]
AQ] ™

AV

:ﬁg: ’}; JJ lﬁg

2
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uUnit1 1.3 - DC power flow and other AC linearizations

Sensitivity Derivation, Method 1

Assumptions: V = 1 (angles all are zero), and the network has no shunt admittances

Method 1: Populate Hl H element-by-element with partial derivatives of the real-valued PF equations
3 4

P’:nfe“e‘i — Z ViVi[Gyi cos Oy + By sin O]
iENg

QP = VoWi[Gyi sin By; — By cos O]

Active power / voltage angle Reactive power / voltage magnitude
for the off-diagonal entries i # k 30, |
Uilki = aal;t = ViVilGrisin(Ok;) — Byicos(O;)] Uslii = FI7 VielGrisin(Byi) — Breicos(6ci)]
~ —VyViBy; = —By ~ ~ViBi ~ =B
the diagonal entries i = k admit the same approximation
Urlkk = —ViBik = —Byk Jalkk = —VieBrk = —Bik

Keith Moffat - Power System Analysis



uUnit1 1.3 - DC power flow and other AC linearizations

Sensitivity Derivation, Method 1

Assumptions: V = 1 (angles all are zero), and the network has no shunt admittances

Method 1: Populate Bl H element-by-element with partial derivatives of the real-valued PF equations
3 4

P’:nfeCfEd — Z ViVi[Gyi cos Oy + By sin O]
iENg

QP = VoWi[Gyi sin By; — By cos O]

Active power / voltage magnitude Reactive power / voltage angle
for the off-diagonal entries i # k
oP . 0Qx .
U2lki =5, = Vi[Gricos(Oy;) + Byisin(6y;)] Usli: = 55~ = —ViVilGricos(Opi) + Bieisin(Oi)]
i i
~ Vkai ~ Gki ~ _VkVini ~ _Gki

the diagonal entries i = k admit the same approximation

Uzlkx = ViGik = Gii Uslex = —ViViGri = —Gik

Keith Moffat - Power System Analysis



Unit1 1.3 - DC power flow and other AC linearizations

1 Sensitivity Derivation, Method 1

Assumptions: V = 1 (angles all are zero), and the network has no shunt admittances

Method 1: Populate }1 I] element-by-element with partial derivatives of the real-valued PF equations
3 2

injected i
P = Z VieVilGri cos Oy; + By sin O]
iENg

QP = VoWi[Gyi sin By; — By cos O]

@

[AP ~ —B G ][AQ
AQ —G —BIl1ILAV
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Unit1 1.3 - DC power flow and other AC linearizations

Two ways of determining sensitivities/linearizations

1) Calculate derivative/Jacobian directly 2) First-order expansion by substituting x = x* + Ax
of . *
Ay=(—) Ax y +4y = f(x* + 4x)
0x/ ,
- done - discard higher-order terms such as 4x?
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Unit1 1.3 - DC power flow and other AC linearizations

Sensitivity Derivation, Method 2

Assumptions: V = 1 (angles all are zero), and the network has no shunt admittances

S + AS = diag(V + AV) (I + &AI)
= diag(V) I + diag(i) AV + diag(V) AI + diag(AV) AT
\ J

Y
/‘ linearization
S /

dropping this term
gives the linearization
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uUnit1 1.3 - DC power flow and other AC linearizations

Sensitivity Derivation, Method 2

Assumptions: V = 1 (angles all are zero), and the network has no shunt admittances

Calculate the full Jacobian from the Complex Power Flow Equations:

———— vectors S = diag(V)YV
At the nominal voltageVv=1,I1=YV =0
0 1

Therefore, A§ ~ d)_ag('f) AV + diag(V) Al ‘\&L AS = diag(V + AV) (I + AI)

= Al AS = diag(f) AV + diag(V) AI + diag(AV) Al
\ J

= YAV —
— (G +]B)(AV +]A9) linear part /
= GAV — BAG — j(BAV + GA8)

dropping this term

, , , , , ives the linearization
Equating real and imaginary parts gives, once again, g

FANERAT

Keith Moffat - Power System Analysis



uUnit1 1.3 - DC power flow and other AC linearizations

Keith Moffat - Power System Analysis

Power Flow Approximation for 2-Bus System

_9 1 y =jb=—j10 2

P; =7 : |

Class exercise 3: Can you find a sensitivity of AQ to AV?

-2 S

Now it's too easy



Unit1 1.3 - DC power flow and other AC linearizations

Power Flow Approximation for 2-Bus System

Pl_f) 1 y=g=10 2

o | |
Q. =? e | | P, = —0.5
| I

Vl = 1‘0 VZ :?

Class exercise 4: what would the sensitivity of AP to A9 be if the line was resistive?

ol =16 Sllay

Also too easy
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uUnit1 1.3 - DC power flow and other AC linearizations
Can you derive DC Power Flow from the sensitivity matrix below?

ao =6 Sollav]

What is still left to be done?
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uUnit1 1.3 - DC power flow and other AC linearizations

2 Bus Example | DC Power Flow

Ap1] [—bjé f,‘l-z] [ 0 ] A6, = 0: remove column 1
Ap. —H12 b1, | 1A, AP, = —Y"PUS AP;: remove row 1

—-10 10

DC Power Flow: Ap, = —|b1,]40, example: B = [ 10 —10

\ example: Bp = [—10]

(b1, is negative!)
Can you invert B? Can you invert Bp?
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uUnit1 1.3 - DC power flow and other AC linearizations

3 Bus Example | DC Power Flow

load bus

Keith Moffat - Power System Analysis



uUnit1 1.3 - DC power flow and other AC linearizations

3 Bus Example | DC Power Flow

Apl ( U AB; = 0: remove column 1
APZ ~ = _b23 Aez .
APs _ (b13 + by3) | 1263 AP, = —Y"®USAP;: remove row 1
APZ} [(blz + by3) —by3 ] [Agz}
DC Power Flow: ~ —
’APS —by3 (b13 + by3)] 1AG3

Can you invert B? Can you invert Bp?

Why would we want to invert the linearization?

This allows us to determine the power angles as a function of the power injections, which is often what we want to do.

Agp — _BglAPp
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uUnit1 1.3 - DC power flow and other AC linearizations

The “Slack Bus”

1. Fixed voltage angle: removes the arbitrary angle-reference ambiguity

2. Adjustable power injection: maintains network power balance

Keith Moffat - Power System Analysis



Unit1 1.3 - DC power flow and other AC linearizations

3-Bus Example | DC Power Flow

Physical reality:

load
bus

Modeling: either Bus 1 or Bus 3 could be chosen as the slack bus
DC Power Flow determines the network angles as a function of the power injections

ABp = —Bz1APp

What impact does our selection of the slack bus have on the “roles” of G, and G,?

Keith Moffat - Power System Analysis



uUnit1 1.3 - DC power flow and other AC linearizations

The “Slack Bus”

1. Fixed voltage angle: removes the arbitrary angle-reference ambiguity
2. Adjustable power injection: maintains network power balance

3. Fixed voltage magnitude: represents a regulated generator or a stiff substation

The standard slack-bus model assigns all three functions to one bus for simplicity.

1. Any bus can provide the angle reference
2. Power balancing (both P and Q) can be assigned to any bus or shared among several buses

3. Often, many generators are controlled to be constant voltage

Keith Moffat - Power System Analysis



Unit1 1.3 - DC power flow and other AC linearizations

Class Exercise

For each task, choose DC, AC, or both. Justify your decision.

Grid-operator task

Your choice

Screen 100,000 possible line outages for overloaded lines

Investigate low voltages after one severe outage

Recalculate the least-cost generator dispatch every five minutes

Verify that the chosen dispatch satisfies voltage and reactive-power limits

Estimate how flows change following a small generator redispatch

Keith Moffat -

What matters in each task: speed and scale, or voltage and reactive-power detail?

Power System Analysis




uUnit1 1.3 - DC power flow and other AC linearizations

We have DC Power Flow for real power and voltage angle.

AP

AB

Keith Moffat - Power System Analysis

Can we accompany it with a linearization for voltage

magnitude and reactive power?

AQ

AV =V -V~




uUnit1 1.3 - DC power flow and other AC linearizations

3 Bus Example | DC Power Flow

load bus

Keith Moffat - Power System Analysis



Unit 1

1.3 - DC power flow and other AC linearizations

3-Bus Example | Decoupled Linearized Power Flow

Now, we will stop ignoring voltage magnitudes

Can we add an additional sensitivity between voltage magnitude and reactive power?
AP] [—B 0 ] [AB
AQ —BllAV

Consider the case of a single, constant voltage bus, chosen to be the slack bus.

AQ, ¢
AQ,
AQ3

What assumptions are made by removing the slack bus row/column?
AV; = 0: remove column 1

~
~

Q
|

(b12 + bz3) —by3 AV,
—by3 (byz + bp3) | 1AV;

AQy = — %P8 AQ;: remove row 1

What does the invertible B, allow us to answer that the non-invertible B does not?

Keith Moffat - Power System Analysis



Unit 1

1.3 - DC power flow and other AC linearizations

3-Bus Example | Decoupled Linearized Power Flow

Now, we will stop ignoring voltage magnitudes

Can we add an additional sensitivity between voltage magnitude and reactive power?
AP] [—B 0 ] [AB
AQ —BllAV

Consider the case of a single, constant voltage bus, chosen to be the slack bus.

~
~

_ _p-1 AQz] ~ [blz + b33 —b33 ] [AVZI
AQP o BP APP [AQ3 —by3 by3 + by3| |AV;
Mhus Nhus
ABIZO, AP:[:_ZAPL AV]_:O, AQl:_ZAQL
i=2 =2

But what if there are many constant voltage buses?

Keith Moffat - Power System Analysis



uUnit1 1.3 - DC power flow and other AC linearizations

3-Bus Example | Decoupled Linearized Power Flow

1 2
Physical reality:
constant V bus load
bus
3

constant V bus

ABp ~ —Bp1APp AV, ~ —B;1AQ,
What voltages and reactive power injections should be included? /
Step 1: Determine the voltage of the PQ buses Step 2: Determine the remaining Q injections
AV, ~ —Bg'AQq AQy ~ —ByAV, B with

B with only PQ columns / - columns: PQ

and rows remaining - rows: slack bus and PV

—

Keith Moffat - Power System Analysis



uUnit1 1.3 - DC power flow and other AC linearizations

3 Bus Linearized Power Flow

1 2
Y B oac
bus
AP _[-B 0 1[Af
Step 1: [AO]_[O —B] AV
w0 [AP _[-B O ”AG
AQ;

B, is B with only the rows and
columns for the PQ buses remaining

AV, =~ —B5"AQ,
—(b12 + ba3) "1 AQ;

What is the sensitivity of the voltage magnitude at Bus 2 to the voltage reactive power injection at Bus 2?
assume b;3 = b3 = —1, which corresponds to an inductive transmission line

>
o
Q

—(b12 + bp3) "= —05

Keith Moffat - Power System Analysis



uUnit1 1.3 - DC power flow and other AC linearizations

3 Bus Linearized Power Flow

'(b12+bl3) bli b13

A0,
blZ '(bu t bzx) bzz
h A _Ih

Ag,
AN

| load
bus

Step 2:

once you know AV,, how do you determine AQ, and AQ5?

B, is B with \'

AQ, ~ ByAV,
- the columns for the slack bus and PV

buses removed AQ1] P12

~ AV.
b 2

- the rows for the PQ buses removed AQs

Keith Moffat - Power System Analysis



uUnit1 1.3 - DC power flow and other AC linearizations

Decoupled Linearized Power Flow

[ﬁg] ~ [_OB —OB] [ﬁg
A

AGp ~ —Bp'APp AV, = —Bg AQq

B, is B with the rows and columns of the constant-V buses removed

AV, is the vector of non-constant voltages (PQ buses)

AQ, is the vector of reactive power injections for the PQ buses

3 bus network with two constant-voltage buses example:

APZ] o [(b12 + by3) —by3 [AHZI AV, = —(b1z + ba3)~tAQ;

AP;| —by3 (b13 + by3)] |AG3

Keith Moffat - Power System Analysis



uUnit1 1.3 - DC power flow and other AC linearizations

Coupled Linearized Power Flow

Now, we will stop ignoring network resistance

ol 1 I [

Keith Moffat - Power System Analysis



uUnit1 1.3 - DC power flow and other AC linearizations

Power Flow Approximation for 2-Bus System, small resistance

e 1 r=01x=1 2

V; = 120 slack bus V=1
constant V bus

True Nonlinear Power Flow: AP, = 0.099 — 0.099 cos(A8,) + 0.99 sin(A6,)

True linearization around 6; = 0: AP, = 0.99A80, AP
2

DC Power Flow for x =1 (assumes r =0): AP, = A6,

With small resistance, DC Power Flow is accurate (around 6; = 0) AG,

Keith Moffat - Power System Analysis



uUnit1 1.3 - DC power flow and other AC linearizations

Power Flow Approximation for 2-Bus System, big resistance

1

e r=1,x=1

V; = 120 slack bus V=1
constant V bus

2

True Nonlinear Power Flow: AP, = 0.5 — 0.5 cos(A8,) + 0.5sin(A8,)

True linearization around 6; = 0: AP, = 0.5A0, AP,

DC Power Flow for x =1 (assumes r =0): AP, = A6,

With large resistance, DC Power Flow is not accurate AQ
2

Keith Moffat - Power System Analysis



uUnit1 1.3 - DC power flow and other AC linearizations

Coupled Linearized Power Flow

Now, we will stop ignoring network resistance

ol 1 I [

Removing the slack bus and constant voltage buses,

APP] —Bpp  Gpg ] ABP]

AQol = |-Gor  —Bool 1AV,

Gpo : G With the slack bus rows and constant-voltage columns removed

Gop + G With the constant-voltage rows and slack bus columns removed

Keith Moffat - Power System Analysis



uUnit1 1.3 - DC power flow and other AC linearizations

Coupled Linearized Power Flow, 3 Bus Example

1

2

constant V bus

constant V bus

Removing the slack bus and constant voltage buses,

Keith Moffat - Power System Analysis

load
bus

/ denotes matrix dimension




uUnit1 1.3 - DC power flow and other AC linearizations

Coupled Linearized Power Flow

Now, we will stop ignoring network resistance

ol 1 I [

Removing the slack bus and constant voltage buses,

vid R N |

AQq Gop  —BoollAVy
Step 1: Determine the voltages Step 2: Determine the remaining injections
Agp _Bpp GPQ -1 APP APO] ~ [_BOP GOQ ] [ABP]
AVQ] = [—GQP —BQQ] [AQQ] AQy —Gyp —Bypl[AVq

Keith Moffat - Power System Analysis



uUnit1 1.3 - DC power flow and other AC linearizations

Three Bus Example | Coupled Linearized Power Flow

1 2
constant V bus load
bus

constant V bus

Step 1: Determine the voltages

ABP] _ [—Bpp Gpo ]_1 APP]

_ -1
A6, —(b12 + b33) b3 g12 + 923 AP,
AB3 | =~ b3 —(b13 + by3) —923 AP3
AV, —(912 + 923) 923 —(b1z + by3)| 1AQ2

Keith Moffat - Power System Analysis



uUnit1 1.3 - DC power flow and other AC linearizations

Three Bus Example | Coupled Linearized Power Flow

1 2
constant V bus load
bus

constant V bus

Step 2: Determine the remaining injections

AP()] ~ _Bop GOQ ][AQP]

AQV _GVP —Byp AVQ
APy 12 by3 —012 | [A8,
AQ1| = | 912 913 by, ||AB3
AQs 923 —(g13+ 923)  bys [LAV;

Keith Moffat - Power System Analysis



uUnit1 1.3 - DC power flow and other AC linearizations

Below is a map of wholesale electricity prices on a winter day in Australia

6:00 am 12:00 pm

o~

https://app.electricitymaps.com/map/live/fifteen_minutes?signal=electricity-price

The price separation between the states is determined by the flow sensitivities between regions.

Where do the flow sensitivities come from?

Keith Moffat - Power System Analysis



uUnit1 1.3 - DC power flow and other AC linearizations

The Eastern-Australian transmission network can be approximated by a 4 node system:

Any of the linearizations can be used to determine the sensitivities between the 4 nodes.

Keith Moffat - Power System Analysis



Unit1 1.3 - DC power flow and other AC linearizations

TRANSMISSION INFRASTRUCTURE!
8 POWER STATION
© SUBSTATION
® WINDFARM
500 KV TRANSMISSION LINE
330 KV TRANSMISSION LINE
275 KV TRANSMISSION LINE
= 220 KV TRANSMISSION LINE
132/ 110 KV LINE
——— 66KV LINE
—=— DCUINK
=la wdem MULTIPLE CIRCUIT LINES

REGIONAL BOUNDARIES
sowst REGIONAL REFERENCE NODE
[ QUEENSLAND
NEW SOUTH WALES
[] VICTORIA
SOUTH AUSTRALIA
] TASMANIA

Or, any of the linearizations can be used to determine the sensitivities for the true system model.
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uUnit1 1.3 - DC power flow and other AC linearizations

High-level Linearization Points

Point 1: Linearizations can be quite accurate close to the linearization point.
Point 2: Linearization accuracy often decreases the further you go from the operating point.

linearization true

Point 3: Linearizations are approximations and thus will not give a true AC-feasible voltages.
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uUnit1 1.3 - DC power flow and other AC linearizations

Choosing a Linearized Power Flow Model

DC Power Flow

Decoupled Linearized
Power Flow

Coupled Linearized
Power Flow

Full-Linearized AC Power
Flow

Keith Moffat - Power System Analysis

+ Simple
- Assumes zero resistance

- Ignores voltage/reactive-power sensitivity

0 Simple, except for constant-voltage buses
- Assumes zero resistance

+ Describes nominal voltage/reactive-power sensitivity

0 Simple, except for constant-voltage buses

0 Considers network resistance but does not capture losses
+ Describes nominal voltage/reactive-power sensitivity

- Not simple
+ Considers network resistance, describes marginal losses
+ Most accurate, at the given setpoint

Simpler

More accurate



uUnit1 1.3 - DC power flow and other AC linearizations

Current Industry Practice

Clear markets using Engineering Feasible operating
the DC power flow intuition and point for the AC power
approximation heuristics flow equations

Sidney Harris,
Science Cartoons Plus

"I think you should be more

Power Flow explicit here in step two."

EES-UETP (Electric Energy Systems — University Enterprise Training Partnership) 45 [ 274

Credit: Dan Molzahn
https://www.energy-markets-school.dk/documents/2017/Molzahn/Molzahn%20-%20DTU%20Tutorial.pdf?utm_source=chatgpt.com
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Unit1 1.3 - DC power flow and other AC linearizations

Power Flow Analysis - Part 3
ELEN90060

Keith Moffat
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