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1 Description of deliverable and goal 
 

1.1 Executive summary 

The	 soft-open	 point	 is	 a	 conceptual	 device	 introduced	 in	 the	 first	 deliverable	 of	 this	

activity	 "REEL	Project	–	WP6,	Preliminary	study	 for	 soft-open	point	deployment	 into	

REEL	Demonstrator"	[1].	A	reduced-scale	prototype	device	has	been	designed	and	as-	

sembled	in	order	to	test	different	control	modes	under	laboratory	conditions.	The	pro-	

totype	was	 briefly	 presented	 in	 the	 second	deliverable	 “REEL	Project	 –	WP6,	Design	

principle	of	Soft-Open	Point”.	

The	objective	of	this	report	is	to	show	the	design	of	the	SOP	prototype	and	its	test	with-	

in	the	GridLab	laboratory	in	the	HES-SO	Valais	in	Sion.	Some	of	these	results	were	pre-	

sented	in	[2].	

1.2 Research question 

The	objective	of	the	activity	covered	by	the	work	in	this	report	is	to	answer	the	follow-	

ing	question:	

• How	does	a	reduced-scale	SOP	improve	the	voltage	profile	in	a	distribution	sys-	
tem	laboratory	emulation?	

1.3 Novelty of the proposed solutions compared to the state-of-art 

A	state-of-the-art	in	term	of	possible	SOP	structure	was	presented	in	[3].	Realizations	

with	some	common	functionalities	like	different	kind	of	FACTS	(	[4],	[5],	[6],	[7])	and	

other	work	on	SOP	systems	(	[8],	[9])	were	acknowledged.	

1.4 Comparison with other demonstrator activities 

The	SOP	developed	 in	 this	activity	 take	an	approach	different	and	complementary	 to	

other	approaches:	 the	 first	prototype	presented	here	 is	a	reduced	scale	LV	prototype	

rated	for	15	kVA.	

It	was	used	to	test	different	situations	and	scenarios	as	compared	to	a	direct	deploy-	

ment	 into	 a	 real	 system	where	 the	 topology	 cannot	be	 changed	and	 faults	 cannot	be	

freely	introduced	into	the	system.	
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The	building	of	a	second	prototype	in	LV	will	also	be	studied	in	this	activity.	Indeed,	the	

MV	prototype	was	abandoned	due	to	the	lack	of	space	in	the	foreseen	station	and	be-	

cause	the	estimated	price	that	was	too	high.	The	decision	was	made	between	all	collab-	

orators	of	this	project	to	capitalize	on	the	experience	earned	with	the	development	of	

the	first	prototype	and	build	a	new	one,	to	go	up	to	50	kVA	and	add	the	possibility	to	

control	the	neutral	point.	
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2 Introduction to the SOP 

The	soft-open	point	(SOP)	is	a	power	electronic	device	described	in	the	previous	deliv-	

erables	 [1]	 and	 [3].	 Some	elements	will	 be	 repeated	here	 for	 the	 sake	of	 clarity.	The	

SOP	main	 purpose	 is	 to	 permit	 a	meshed	 (or	 looped)	 operation	 of	 radially	 operated	

distribution	 networks,	 i.e.	 open	 loops.	 As	 shown	 in	 Figure	 1,	 the	 chosen	 normally	

closed	variant	of	the	SOP	represents	a	way	to	decouple	load	flows	and	fault	currents:	

• SOP	 is	 closed	 in	 normal	 conditions,	 thus	 establishing	 a	meshed/loop	network	
topology	for	load	flows	

• SOP	opens	(faster	than	mechanical	breakers	that	remain	in	the	distribution	sys-	

tem)	 in	 fault	 conditions,	 thus	 establishing	 a	 radial	 network	 topology	 for	 fault	

currents.	
	

	
Figure	1.	Illustration	of	the	SOP	inserted	into	a	MV	network	
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3 LV Soft-open point 15 kVA prototype 
 

3.1 Design 

The	design	principles	of	this	prototype	were	presented	in	[3].	

Here	is	a	reminder	of	its	features:	

• 2-level	VSCs	(based	on	the	PENELER	converter	presented	in	[10])	
• 15	kVA	
• 230/400	V	
• LCL	filters	
• Possibility	to	add	a	battery	storage	via	a	custom	made	DC/DC	converter	
• CAN	and	SCI	communication	protocol	available	

The	two	back-to-back	inverter	are	shown	in	the	electrical	cabinet	in	the	Figure	2.	The	

volume	of	the	prototype	was	not	optimized,	in	order	to	facilitate	the	accessibility	of	the	

various	components.	
	

	
Figure	2.	15	kVA	SOP	prototype	

	
In	the	Figure	3	we	see	the	principle	schematic	and	in	the	Figure	4	a	summary	of	all	the	

components	used	 in	the	system	and	their	physical	and	communication	 links	between	

each	other.	
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Figure	3.	Control	and	measurements	design	

	

Figure	4.	Links	between	the	different	components	and	communication	architecture	
	

It	 can	be	noted	 that	 the	battery	 could	be	 replaced	by	another	DC	 source,	 such	as	PV	

production,	a	DC	bus	connecting	different	devices…	

3.2 Control strategy 

For	these	tests,	the	PQ	control	mode	presented	in	[3]	was	implemented.	
	

The	VSC1	controls	the	voltage	on	the	DC	bus	at	700V	with	a	PI	controller	(Figure	5)	and	

the	VSC2	 controls	 its	active	power	 (Figure	6).	Both	VSCs	control	 their	 reactive	power	

(Figure	7).	
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Figure	5.	DC	bus	voltage	control	(for	VSC1)	
	

	
Figure	6.	Active	power	control	(for	VSC2)	

	

	
Figure	7.	Reactive	power	control	(identical	for	both	VSCs)	

	
Both	VSCs	have	current	control	in	the	dq	frame	and	we	use	a	Space	Vector	Modulation	

(SVM)	strategy	 that	enables	us	 to	raise	 the	output	voltage	of	 the	converter	by	15.5%	

but	 with	 the	 disadvantage	 of	 creating	 zero-sequence	 components	 if	 the	 converters	

share	a	common	DC	bus	 (which	 is	obviously	 the	case	here).	To	avoid	 the	problem	of	

circulating	zero-sequence	currents	we	use	an	 isolation	delta/star	transformer,	placed	

between	the	VSC2	of	the	SOP	and	its	connection	point.	
	

	
Figure	8.	Current	control	in	dq	frame	and	SVM	
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4 Laboratory tests of the prototype 
 

4.1 Introduction 

4.1.1 Objectives 

The	goal	of	these	tests	were	to	demonstrate	the	capacity	of	the	SOP	to	transfer	active	

power	between	two	feeders	and	to	make	inductive	or	capacitive	reactive	power	inde-	

pendently,	in	order	to	respect	the	constraints	of	the	network.	

4.1.2 Test laboratory 

The	test	were	realized	with	the	GridLab	platform	of	the	HES-SO	Valais	in	Sion.	
	

	
Figure	9.	GridLab	district,	structure	of	a	feeder	3x400V/40A	

	
The	GridLab	“District”	is	made	of	4	distribution	LV	feeders	each	rated	40A.	Some	emu-	

lated	prosumers	are	connected	to	these	feeders	as	we	can	see	in	the	Figure	9.	Each	sec-	

tion	between	the	prosumers	are	made	of	RL	circuits	reproducing	the	characteristics	of	

the	lines	or	cables	(RL	 and	XL	on	the	figure).	

The	prosumers	are	made	out	of	3-phase	bidirectional	converters	(ABB	ACS	800-U)	and	

their	active	and	reactive	power	(max	15	kVA)	can	be	programmed	remotely	with	pre-	

established	load	profile.	



9		

In	order	to	test	other	equipment	two	access	points	with	3x16	A	protections	are	availa-	

ble	on	each	feeder	(PM2	and	PM4	on	the	figure).	

The	network	is	connected	to	the	school	grid	at	its	transformer	input,	thus	the	voltage	

level	varies	during	the	day,	following	the	city-network	voltage	level.	
	

 Resistance	 [mΩ]	 Impedance	 [mΩ]	

Line	(each	part	of	500m)	 150	 141.4	

Upstream	 cable	 185	 4.8	

Table	1.	Characteristics	of	the	GridLab	network	
	

For	these	tests,	only	two	feeders	were	used	and	connected	to	the	SOP,	as	seen	 in	the	

Figure	 10.	 Different	 scenarios	 of	 consumption	 and	 injection	 were	 imposed	 to	 the	

prosumers.	
	

	

	
4.2 Test scenarios 

Figure	10.	Scheme	of	the	used	network	

	

In	the	network	shown	Figure	10	the	access	points	available	are	C2,	C4,	D2	and	D4.	We	

tested	the	4	different	combinations	with	various	amount	of	production	and	injection.	In	

the	 Figure	 11	we	 can	 see	 the	 configuration	 C4D2	with	 the	 isolation	 transformer	 be-	

tween	the	feeder	D	and	the	SOP.	
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Figure	11.	C4D2	configuration	
	

Two	families	of	case	study	were	used,	they	are	presented	in	Table	2	and	Table	3.	
	

Network	situation	1:	consumption	on	 feeder	C	and	production	on	 feeder	D	
 Case	 1:	 the	 SOP	 trans-	

mit	 active	 power	 be-	
tween	the	two	feeders	

Case	2:	 the	 SOP	produce	
or	absorb	reactive	power	

Case	 3:	 the	 SOP	 produce	 or	
absorb	 reactive	 power	 and	
transmit	active	power	

Without	
SOP	

I.0	

C2D2	 I.1.1	 I.2.1(a-b-c)	 I.3.1	
C4D4	 I.1.2	 I.2.2	 (a-b-c)	 I.3.2	
C4D2	 I.1.3	 I.2.3	 (a-b-c)	 I.3.3	
C2D4	 I.1.4	 I.2.4	 (a-b-c)	 I.3.4	

Table	2.	All	studied	cases	with	production	and	consumption	
	

Network	situation	2:	consumption	on	both	 feeders	
 Case	 1:	 the	 SOP	 pro-	

duces	 reactive	 power	
(capacitive)	 	 on	 	 both	
sides	

Case	 2:	 the	 SOP	 transmit	
active	 power	 to	 balance	
the	load	

Case	 3:	 the	 SOP	 produces	
reactive	power	and	transmit	
active	power	

Without	
SOP	

II.1.0	 II.2.0	

C2D2	 II.1.1	 II.2.1	 II.2.2	
Table	3.	All	studied	cases	with	only	consumption	

	
All	these	scenarios	were	first	simulated	with	PowerFactory	and	the	tests	were	realized	

with	the	SOP	prototype	in	the	GridLab.	

4.3 Test configuration 

As	said	in	the	paragraph	3.2	above,	the	VSC1	controls	the	DC	bus	voltage	at	700V.	This	

means	that	we	can	only	give	an	active	power	reference	to	the	VSC2,	connected	at	the	
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feeder	D,	and	the	active	power	consumed	or	injected	at	the	feeder	C	results	of	this	ref-	

erence	with	the	addition	of	the	losses.	

In	order	to	be	sure	of	the	quality	of	the	measures	and	to	take	into	account	the	external	

perturbations	on	the	voltage	level,	each	test	was	realized	during	a	period	of	6	minutes,	

the	first	half	without	the	SOP	and	the	second	with	the	SOP.	

The	setpoints	for	reactive	power	for	the	prosumers	is	at	0	but	in	reality	there’s	a	small	

reactive	power	measured	for	each	load	(a	few	hundreds	of	Var).	Furthermore	the	con-	

verters	have	a	power	limitation	when	the	voltage	level	at	their	point	of	common	cou-	

pling	is	outside	its	nominal	range	(at	around	+-11%	of	the	nominal	voltage	of	230V).	

We	have	the	following	measurement	devices	associated	with	the	measurements:	
	

• A	Siemens	SICAM	P	at	each	point	PM	(see	Figure	10)	with	a	sampling	time	of	20s	
and	without	synchronization	

- RMS	voltage	

- RMS	current	

- Active	power	

- Reactive	power	

• A	 PEL103	 Power-energy	 Logger	 at	 both	 connection	 points	 of	 the	 SOP	with	 a	

sampling	time	of	1s	

- 3	RMS	voltages	

- 3	RMS	currents	

- Active	power	

- Reactive	power	

- 3	voltage	THD	

- 3	current	THD	
	

4.4 Results 

All	 the	results	are	available	 in	excel	 files	and	only	some	of	 the	most	 interesting	cases	

are	presented	here.	

For	all	the	presented	results	in	per-unit,	the	bases	values	are:	
	

• Ibase	=	40	A	
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• Vbase	=	230	V	

4.4.1 First scenario (I.1.1) 

In	this	first	scenario	(parameters	shown	in	Table	4),	there	is	only	consumption	on	the	

feeder	C	provoking	 a	 voltage	drop	and	production	on	 the	 feeder	D	which	 causes	 the	

voltage	to	go	above	the	limit	(but	close	enough	so	the	converter	at	point	D1	won’t	limit	

its	power	 injection).	We	use	 the	SOP	to	 transmit	active	power	between	both	sides	 to	

limit	the	voltage	deviation.	
	

	
Situation 

SOP injection setpoints Load on feeder C Load on feeder D 

P (on D side) Q (on C side) Q (on D side) C3 C2 C1 D3 D2 D1 

without SOP 0 0 0 5 5 10 -5 -5 -10 
with SOP -10 0 0 5 5 10 -5 -5 -10 

Table	4.	Setpoints	for	the	first	scenario	(all	power	in	kW	and	KVAR)	
	

We	can	see	in	the	Figure	12	that	the	SOP	helps	to	maintain	the	voltage	level	within	rea-	

sonable	limits.	
	

Voltage	profile	along	the	
line	C	

1.15	
1.1	
1.05	
1	

0.95	
0.9	
0.85	

1	 2	 3	 4	 5	

Node	index	

Voltage	profile	along	the	
line	D	

1.15	
1.1	
1.05	
1	

0.95	
0.9	
0.85	

1	 2	 3	 4	 5	

Node	index	
	

Without	SOP	 With	SOP	

OV	limit	 UV	limit	

Without	SOP	 With	SOP	

OV	limit	 UV	limit	
	

Figure	12.	Voltages	(in	p.u.)	on	feeder	C	(left)	and	feeder	D	(right)	for	the	first	scenario	
	

We	can	also	notice	 in	 the	Table	5	that	 the	current	on	both	feeders	 is	reduced	by	the	

action	of	the	SOP.	
	

Current at beginning of feeder C Current at beginning of feeder D 
Without SOP 0.81 0.60 
With SOP 0.43 0.34 
Table	5.	Currents	(in	p.u.)	at	the	beginning	of	the	feeders	for	the	first	scenario	

Vo
lta
ge
s 	 [
p.
u.
] 	

Vo
lta
ge
s	 [
p.
u.
] 	
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4.4.2 Second scenario (II.2.1 and II.2.2) 

For	 the	 second	 scenario	 (parameters	 shown	 in	Table	6)	both	 feeders	have	only	 con-	

sumption	but	the	feeder	D	is	more	loaded	than	the	feeder	C.	We	use	the	SOP	to	balance	

the	 loads	on	both	 lines	(case	with	SOP	[1])	and	to	raise	 the	voltage	 level	by	 injecting	

reactive	power	(case	with	SOP	[2]).	
	

Situation 
SOP injection setpoints Load on feeder C Load on feeder D 

P (on D side) Q (on C side) Q (on D side) C3 C2 C1 D3 D2 D1 

without SOP    5 2 5 5 5 10 
with SOP [1] 4 0 0 5 2 5 5 5 10 
with SOP [2] 4 9 9 5 2 5 5 5 10 

Table	6.	Setpoints	for	the	second	scenario	(all	power	in	kW	and	KVAR)	
	

The	Figure	13	shows	that	balancing	the	loads	between	both	lines	increase	the	voltage	

level	on	 the	 feeder	D	while	decreasing	 it	on	 the	C.	 Since	 the	upstream	cable	 is	much	

more	 resistive	 than	 inductive	 (see	Table	1)	 the	effect	of	 the	 reactive	power	 is	not	as	

strong	as	it	would	be	on	a	MV	grid.	
	

Voltage	profile	along	line	C	
1.11	   

1.055	

1	

0.945	

0.89	
1	 2	 3	 4	 5	

Node	index	

Voltage	profile	along	line	D	
1.11	   

1.055	

1	

0.945	

0.89	
1	 2	 3	 4	 5	

Node	index	
	

without	SOP	 with	SOP	[1]	

with	SOP	[2]	 OV	limit	

UV	limit	

without	SOP	 with	SOP	[1]	

with	SOP	[2]	 OV	limit	

UV	limit	

Figure	13.	Voltages	(in	p.u.)	on	feeder	C	(left)	and	feeder	D	(right)	for	the	second	scenario	
	

Current at beginning of feeder C Current at beginning of feeder D 
Without SOP 0.46 0.79 
With SOP [1] 0.69 0.67 
With SOP [2] 0.73 0.70 
Table	7.	Currents	(in	p.u.)	at	the	beginning	of	the	feeders	for	the	second	scenario	

Vo
lta
ge
s 	[
p.
u.
] 	

Vo
lta
ge
s 	[
p.
u.
] 	



14		

Voltage	profile	along	the	
line	D	[I.2.1.b]	

1.15	

1.1	

1.05	

1	

0.95	
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0.85	

Power	injected	in	line	D	[I.	
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Node	index	

D2	 D1	

-12000	-10000	 -8000 -6000 -4000 -2000	 0	

Power	[W]	
without	SOP	 with	SOP	

OV	limit	 UV	limit	 with	SOP	 without	SOP	

	
	
	

4.4.3 Power source voltage limitation 

The	input	voltage	of	the	laboratory	grid	being	uncontrolled	some	of	the	tests	resulted	

in	unpredicted	overvoltages	(roughly	+11%	of	the	nominal	value)	which	resulted	in	a	

limitation	of	the	power	injected	by	the	“prosumers”.	

In	some	cases	the	action	of	the	SOP	can’t	be	seen	only	on	the	voltage	level	but	also	on	

the	power	injection	level.	In	the	Figure	14	we	see	that	without	the	SOP	the	voltage	at	

the	last	point	of	the	feeder	(D1)	is	above	the	+10%	limit	and	the	power	injected	is	lim-	

ited	below	8	kW.	The	SOP	helps	to	reduce	the	voltage	and	thus	the	converter	at	point	

D1	can	inject	up	to	10	kW.	
	
	
	
	
	

     

D1	
  

    

  D2	
 

    

  D3	
 

    

	
	
	
	

Figure	14.	Voltage	profil	(left)	and	injected	power	(right)	on	feeder	D	for	the	test	case	I.2.1.b	
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5 LV Soft-open point 50 kVA prototype development 

As	described	in	the	part	1.4,	the	MV	SOP	was	abandoned	and	it	was	decided	to	

make	another	LV	SOP	suitable	for	operation	in	Romande	Energie’s	network.	

The	design	is	still	under	development	at	the	HEIG-VD	and	the	test	site	is	under	investi-	

gation	by	the	HEIA-FR.	

5.1 Design and features 

The	Figure	15	shows	a	working	version	of	the	design	for	this	new	SOP	and	the	Table	8	

presents	the	differences	between	the	first	prototype	and	the	second	iteration	that	will	

be	installed	in	the	grid.	
	

	
Figure	15.	Envisaged	design	for	the	50	kVA	LV	SOP	
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Issue	 15	kVA	 50kVA	

Inverter	topology	
2-level	inverter	with	50Hz	
transformer	for	neutral	provision	

2-level	inverter	with	neutral	
active	controller	

PLL	 grid	voltage	Vq	cancellation	 SOGI	type	+	Vq	cancellation	

Output	filter	 LCL	 LCL	

LC	filter	damping	
method	

Passive	 Active	(virtual	resistance)	

Inverter-side	
current	control	

Yes	(d,q	current	control)	
Yes	(a,b	or	a,b,c	independents	
resonant	current	controllers)	

AC	voltage	control	 No	
Yes	(filter	capacitor	C	
measurement)	

Grid-side	current	
control	

No	 Yes	(grid	inductance	L2	
measurement)	

P	and	Q	power	
controller	

Yes,	based	on	the	inverter	side	
current	(L1	measurement)	

Yes,	based	on	the	grid	side	current	

Grid	forming	
capability	

No	
Yes,	based	on	the	capacitor	C	
voltage	

Table	8.	Comparison	between	the	15	kVA	and	the	50	kVA	prototypes	
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6 Achievement of deliverable: 
 

6.1 Date 

18.07.2019	
	

6.2 Demonstration of the deliverable 

15	kVA	LV	SOP	prototype	tested	at	GridLab,	Sion	in	December	2018.	Final	analysis	

of	data	and	reporting	in	March	2019.	
	

7 Impact 

The	 tests	 of	 the	 SOP	 in	 the	 laboratory	 environment	 showed	 an	 improvement	 in	 the	

voltage	profile	and	in	the	load	capacity	of	the	overall	network.	

This	work	also	resulted	in	a	conference	paper	[2].	

The	feedback	earned	on	the	development	and	test	of	this	prototype	benefit	the	

team	for	the	design	of	the	50	kVA	version.	
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